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By “Eugen S$tige9 . -- ~ka, . . . .

.. . . . -..:.. -.. ,.*. . ... . . .-.<. , .

-The concept of the effective .ejectieti veltic”lty of a
-rocket engine is explai~e.d and, three.magnttude of. th? .at-
taiaable ejectlen veldclty theoz”etkcally ’an?i e“xperlmen-
rally inueetigated. Veloeftieta above 3000 ma.ters.per .seo-
ond (6700 mph) are actu=lly measured and the poseibilitiee
of further Increases shown. . . ...,-,.:. ...-...

.. :“.a

‘ l: ”130tation”’:” “ .,
:,.. “.-. .“.:... . . ,

velocity o?””-;oubd”.inpro~ulsiok (m/e”~””“ “ “ “
. . .

?

..
c ejectfbn .ve>ocity (e~fectivej””if the propulsion

gas (m/s) . .“. . ..... ...““.” “.“.,. .

cm muzzle velocity of the propulsion gas (m/S). . .
..

c~x theoretical limiting value 0$ the ejection.velocity
(m/s )

. .

.“

cmol bean value ”of””the”””t-ns’la!i”oryfnolecular velocitY (m/s)

-q ~ “flow veloc%ty.-6f “bhe propulsion gas +t any p“oimt of
of the nozzle ,(m/8) . .. . . ,

- . -:.. ..

‘v specific heat a+ bonstant vnlume ~ the propulsion
gas (cal/kg) .Z, ~, ,-

.,., “.......... .... .. ..

CP specific heat att cenitant pressure” ‘@f th”e’p“r’opuliin-n
gas (cal/kg)

.. .::... . .
dt

.1- .. ““
diamqte~”at throat of nozzle. (q)

. .. ..,. -
dm diameter “at mouth “of’n-ozzle (m) . . .. “ -.

*wNeuere Ergebnisse der Raketenflugtechhik. n .?’lug. .Sonder-
heft”l., .Dec.. 1934. - .- ~,; .- . , . ....”,- ....
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f num%et .of..tiegreii .’oi“frOOdiii “df”;i:”gsa molecule
.. .%..

fm nossle” ar.qa at. n~pth .free)..:... .. - -..:.;:.-..,:.
~-..w .. . .

g acceleration of .~rav*&3:(rn/ea.)~ .
..

m matae (kg sa/m)
... . . .-“ .. . .

p prehs”ur”e.of t-he-propuls iori.gata.(kg/m”a)

Pm Pres~ump of ..t.hepr.opu.l~im gas at’ mmth “of noisle
(kg/rna) -.. . .% ....

-. .. .. .. ...

.-pa al: ..preetaurein viclnlty: of nbz~le ●(kg/ma) - ‘
. .

t time (s)
. ,......

v flight vel~city (m/s)

A mechanical equivalent of heat (1/427 cal/kg)
.,. .

J heat content of propulsion gae (cal/kg) o:- momentum (kgs)
. ...

Jo~~itl~l heat conte-nt of pk~puleion gas (cal/kg)

P rocket t+rust (pffe~tive). (kg) :
.

PI free rocket thrust. (kg)
. . .

R gas constant.(m/deg)
,..~ .,..

T abeolute .pfbpulsion- gas temperature (deg)
,..

To absolute inltlal tern~erature of the .propuleion gas (deg)

T= absolute propulsion gas tempe?a%u~b.~t any point of the
nozzle (deg)

Tm absq~ute temperature of.-prQpul%ion gas at ’meuth of. ‘
nozzle {de~) -

U internal energy of the .p-opulsflon ’gas.(cal/kg)

V specific volume of.the-~opulsiod gas. (m3/kg)”’ .

K ratio of spec-ific heats at constant pressure and con-
stant volume

1
.-
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}“ “
TId . nozsle effiei.endy ““(o/efi. )a . “ .“..“ “, “ -
. . f.: ..... ..-..,.. .. .. . ........ “.:.”.. .

mm ‘-.utl~-i%y ‘cooffIa.fant=(“d~e~s.~ .’ ‘,_,“_ .:,.;..‘.” ‘~,. ,..-

pm” de”ntaIty ~t propulsion’.gaa ,at mouth (kg#a/m4) . ... . .. . . .
“.Lm. :.
S’9’Gsiieral . . “

..
. . ...... .

The required propulsive force” of airplanes Is at ,
~resent obtained exedueivdly ”.by”.ther!aacttbn force of’the
air mass.etawhich. are given ~ backward “acceleration h$ the
propeller (fig. 1). At high flight .veloefties approach-
ing the velocity of sound this process encounters funda-
mental diffzcultles. . These are assocated principally witl
the lowered efflcie~cy of t~e propellar rotating at htgh

J speed, the high mechanical stresses of. the propeller, and

t the greatly increased air for,ces and weighta:of the power
; plant associated w$th the h~gh”flight speed. . “.

It h~a”therefore been proposed to ~bt;~n the p“ropul-
slve force as the reaction f~rce..of.gas masse~. which, a.B
in the caae of rockete, ar.e.first compressed .in”a chamber
and being ejected backward .Issue” -from the latter with
high velocity under the action of the excess pressure
(fig. 2). The excess .p~ess.ure iS .generat.ed.Lby:.thecom-
bustion of fuels as ,wlth the conventional .cornbustion en-
gines . (The burnt ...fuel gases constitute..the propulsion .
gas.) . ~ .“. .. . .. . ... -.

!:
The “undesirably l“a~ge air”,forces which increase with

the velocity are d~crease”d.in part thr~ugh shaping the
aircraft to suit the peculiar .characteristies of super-
sonic flow but mainly threug”h the use of.correspondingly
high flight aitltudes at which, beeause of the decreasin&
air den’slty, the air forces are.kept within desired.limits
in spite of the increased fl,ight.velOCitY.

The oxygen requ~red for the combustion cannot be
obtained practically from t“~e rarlfied atmosphere at high
altitude, but must be car~i~d ~l~ng Ifi..th”eairplane. In
this way the” power plant. fs “at the sane t.~me”r~liivqd of
the large: Werk of. comp~assion require~. ....m ..... .,. .

C“ornpa%.leon:of fl~ree 1 and 2 s%ovs”tkt”.the prop~l- .
sfve” propeller. jet ik.in the case of the rocket alkcraf~
replaced by a “profilsitie fue.~”’g~s ~ei..-’W@rea#, however,
with’ pr~pkller “pkopul’s’l”ohthe procefis if”ti~q.”conversion
of the latent ’ener$~ “of the fuel. into- the kinetic energy.

. ..

*_ L.. .- . – .----. --,- -- - .-



of tho propeller slips tro”a,:lqv~~~b~ ’.rntiylosses loading
to a complic~teds. sonsit~vet. ad heavy mechanism, the same
trtisitlon from the heat:ing v~ize..of” t.he”:i%el to the ki-
netic energy of the burnt gas in the csse of the rocket
Is direct and” effectiv-e. ““~The.fuel ati llqu”id “ox~geh are
supplied by a pump directly Into a high-pressure combustio~
chamber hwere they combine and flow out with extremely
high velocity through a nozsle- !Fhe back pressure of this
steady exhaust gas $et propels the aircraft without any
additional =eanP.. ‘In-t.his”m~nar the’ p”ossi%illties of,
disturb~ces ue-very much reduced, the motor efficlendy
becomes very hl”~, ahd-the structural weight per ~it of
output is extremely small. . . . .. .. ,

. .. .<

. The rocket mot~r occupfek” approxircate.1~.a midposi%-ion
between the’ coii~en%lbnal..airplane” engine. which can deliver
a few huntied horsep’ower. for many d~s.and a projectile
Wh’ich gives an output” of many milliofik of ho~~epower over
a fraction of a second. The rocket motor capable of fllght
will thus give, for examples an output of 1008000 horsepower
ovor a period of 15 to 30 minutes and will weigh less than
1 grcn per horsepower- s in the caso of the gun projectllo
it Is provtaed with.the required oxygen a.@ Is thus inde-
pendent of the flight altitude...

The supply of the required quahtitfes o; oxygen to
the combustion chamber from the free atmosphere at very
hl.gh altitudes against pressures of probably 100 atmos–
pheres and in the short time intervals available is aprol+
lem quite unsolvable structurally. Hence the compression
to the highest possible degree. n“emely, to the liquld.form,
must be carried. out on.the ~ound and the liquid oxygen .
taken along on the aircraft. The carrying along of large
quantities on board the aircraft, together with the very
large fuel consumption, say, of a 100,000-horsepower motor
roquirbs that tho extremely largo propulsion forces of the
rocket fuel supply is soon exhausted.

The strut.t&&.di.ffi.cultles ;in the rnamuf”acturo”of
rocket motors resamble t~ somo dxt~nii thoso of tho gas
turbine., Although no movimg parts in tho fuel jot aro en-
countered and the-efficiency rbla$ions ar-e entirely dif–
ferent , the fact that tho cooling of.the walls of tho com–
bustion chamber of the-rocket motor-uan be much less ener-
getic than in the case of the airplane engine 1s a struc-
turally unfavorable” circumstance to bo taken Into account.
At the higher flight spee$s the. heating:due to dynamic
pressure and frictlon”of the alb streaming past the air-

.
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t
craft - at small altltudea akout AT = Va/20000 C)* _
makes-return cooling Imposslblo, so that only the fuel.,
its-elf mm bo~we&-&tw..cuoling ~h$ walls of tho combu~
tion chamber. ZCho hoat capacity o? the”-fuel-permits, . ---
howover, a heat.conduction to. tho cooling rnodiuq of at
most about 6 percent of the heating valuo as comparod
with 20 to 30 percent for $he conventional airplano en-
gino. Thero 1s furthermore to be considered the .Cxtrome-
ly high propulsion gas tompermture in tho combustion,
for example, of fuel with pure oxygen without Inert gases.
On the other hand, the rocket motor permits much greater
freedom in the choice of structural material so that its
construction is fundamentally possible..

I 3- Consequences of the Principle of Conservation
I

of Momentum

l?ho out8tde surface of the rocket aircraft 16 acted
upon by air pressures the distribution of which depends
upon tho state of motion of the airplano and In every case
they give m componont, namely, a drag W, directed oppo-
site to tho lino of flight. The gas prossuroe ovor the
ontiro surface of the rocket combustion chcmher givo a
total forco in the direction of motion of tho aircraft,
namely, a rockot thrust P- Negloctlng all othor forcos,
if tho forcos W and P aro equal, the aircraft will be
bo in a steady state of motion: if they aro unequal the
aircraft will be accolor,atod or retarded.

Tho determination of tho nir pressure distribution
ovor tho aircraft is a problom of tho norodynamios of tho
rockot airplnno. Tho dotormination of tho combustion gas
pressures in tho rookot combustion chamber is a problom
of tho intorlor ballistics of therockot airplano and tho .
sub~ect of our present considorations~

The resultant of tho combustion gas pressures in tho
direction of the ~.ls of the rockot can bo obtalnod In
tho most simplo way with tho aid of tho prinoiple of mo-
montum. It Is assumed that tho flow of tho Jot Is steady
so that the rocket is proyollod at constant prossuro,
hrthermore, in tho InWaetigatlon of tho gas flou-lq tho
nozzlo tho aacolorntion of tho airplane is noglocted as
comparod with that of tho g~sos~ Thoro Is also negloctod
tho momontum of tho fresh fuel ontoring the combustion
chamber and tho combustlan gas mass Is surrounded by.a
‘control surfacon as ,customary in flow dynamics= This
surfaco is shotin dottod In figure 5.

—— ——.- ——-—--
●See pp. 139 and 142 of reference 1.
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The rate of change of the momentum must-be equal to
the forces actiniz on the bounded combustion gas mass.
This change
the control
nozzle

with-time occurs only through th~ p=t of
surface fm, the area of the mouth of the .

dJ/tlt = Cm dm/dt
,

1 !Che sum of all the pressures of the combustion gases
/ on the walls is denoted by
i

I
P=

[.
pdf

I For reasons of symmetry its line of action coincides with
1

I
that of the-rocket axis opposite to the flight direction..

I
I Furthermore, the bounded gas mass is acted upon by

I
the external force Pm ‘m. Hence

cm &/at = P

P = Cm ti”/dti

- Pmfm

+ Pmfm (1)

L
\
The effective thrust P of the rocket - that is, the re-
sultant of the gas pressures on the combustion chamber
walls - is therefore equal to the momentum of the accel-
erated gas flow through the nozzle mouth increased by the I
product of the mouth area by the pressure of the combus-
tion gasesa The samo rule can also be derived by assuming
a definite flow through the nozzlo (for example

J
liquid

flow, adiabatic gas flow, Isothermal flow, etc. and in-
tegrating tho pressures on the wall, as was done for
adiabatic flow, for example, by Esnault~Poltorio (rofoieace
2).

The pressures of tho combustion gases on the walls
of tho combustion chamber aro therefore tho oquivalont of
an offoctlvo momentum of tho rapidly escaping mass m
of exhaust gases which Is greater than tho momentqm at
tho nozzle mouth and corresponds to tho offoctivo thrust:

P= C dm/dt (2)

whore the ‘offoctlvo e#ection velocity” .C . is groator
than tho muzzle velocity of tho propulsion gases in tho
nozzle.

c = P &Z/dm = cm + pmfm at/din (3)

.

.
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talnlng. an ejec~ion tia~ocl~y ‘of 3706 ‘D6%es fle; sscond
(8250 mph). ““ “,.. ~’ .“ .“. ““ : ‘“” ::.. “. .. .“.”, .

. .“ .... .. .... . .. .. ... ..-.,---. . .“
“According to “tlie w.pll-known @e”rtiantballistics ‘atithor-

I$y, Prbfebsor Crtinz,..b~th “an”e$ectibp vdloc~ty 6P 4000
meters “per secoq~ (8950 m~hj the “sh”ootl~ ‘of a:””c~~wleas”

!!’rocket to the mdon Is “withifi the Jrap#e:.o “t?.chnlcal pos-
sibility (reference 3). The effective 6ject50nYvb~oc3ky
thus lies at the. basis of the interior ~allj~~lcs invee–
tigations prehbnted perea .. ,.“* . . “. .;: “. ....

. :... .....

According” to .tho forogolhg rela~i~m; the e.ffbctive
ejection velocity. c dep~ends only on the. re,lati.on”~in
the rncket but not on” the c.ond~tionp of the “surroupdin~
atmosphere or. on.“th:econditions of mot ion. of the recket”i
T.kis.fact. also follows d.lrectly~ fr o.m.t~p fu~dampn’thl. prop-
erties of the super,s.o”ni”c”.flow — the only- fl bw ‘of “s.1.~ifi-
cance In the .ro.cke~ nozzl”e - according to whfch the”>res-
wure di qt?i.titio~ In the no~le Ie ent i.rely independent
of t he. do,yns-true-amrelatlo”ns out”side.“the “n”ozz.le.... The .ef—
fect Ive eject ion velo”c”ity is equivalent *O o“nly thle pres-
sur-e.@is$r.ibut ion ●”. . . “.-. ” . .

... .. .. . - .“T . .. ,.” . . .
. .. ..The ~e”stlon nov kr.isqs” whe;th& :ttie”‘p;f”fj~c;.ive,e~ec-
tion ve.looiit.y cm,. which Is prmac.tdc.# lY a~w.ays.gce at ?~’“
than anv actually occurring flow velocity in the nozzl”et
i-wto %e “considered as a“true .gae v:eloci& or. sImply as a
puT el~ comput 8.?AoDs1.magnltud.e.. ~ *le. t~e pr o:c.ees- UT
to the mouth of the- pqz.Ele.,i:-; p~~v-iously ment ioP?@s We
ent tia”ly indspendemt af the e~t arnal pr-e~suke, +the flow -
processes .ou%aide of the nozzle ‘d~~e.qd.~ery much on” the.
extor”nal prqssux eti-..If tJze external pressure ‘pa .is .
equal” to the .p~essure a“t the mouth pm, the flow velocity
of the combusti oa:gases.. oti~slde of the. noflzle does not
increase beyond the muzzle velocity cm # the effective

—. - ..— .. .
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“ve~ocity c actually nowhere. .oc~ms “am a true velocity.
If pa i.g“Smaller .tlian”..the. ~muzz.lapressure : Pm, the
eseaping Jet dlvargeta under .s“usrrt.ainangle ag.& the flow
veloditleta of the gas” masses beoeme greater ..than Cm r
these lar”ge ve”locltiea being no. longer directed paxallel..
Finally, If the external- ~rba$ure 1s equal to zero the
flow velocity of the completely dcattened #et. 1s equal -t-o
the limitlng value c“y. given. by the” complete conver~ion
of the heat content In o the kinetic energy of directed
flow.. The flow velocity cm= is then greater.than c.

~rim the above it 1s to be canoluded that for a
quite definite external pressure a true gas flow velocity
of the magnitude c oan arise whioh generally has nothing
to do with the actual gaa velocit~.. Since the effective
ejection velocity o does not depend on the relatlons
out6id@ the nozzle~the true gaa velocit$e~ outside the
nog~le may, depending on the external pressure, be emaller,
equal to, or greater than .the effective velocity,”. The
cooling and expansion of the combustion gases outeide the
mouth of the noz%le is therefore of no effect on the ef-
fective rocket thrust..

A certain exceptton to thle law occurs If the rnugzle
pressure pm is considerably higher than the external
presisure Pa so that the escaping gasea strongly diverge,
as in the case of firearms, and gather at the forward
side of the nozzle. In thie manner there arisee under
certain conditions an appreciable additional thrust on
this forward area of the noz~le. This fact aleo contrib-
utes to an exp~~nation of the relatively favorable effi-
ciency of nozzles with small divergences.

In what follows in spaaking of the e~ectlon velocity
the effeotive velocity c explained above will be meant.

. .
The effective thrust P = c dm~dt of the rocket Is

always partially counteracted by the pressures of the ex-
ternal air.’ In steady flight of the rocket airplane the
air reeistanca W is exactly equal to.the thruet P..

In accelerated flight ox at s$andetill only a part
of the thruet ie balanced by the air pressuree while the
remainder as ‘free thrustn ia available for accelerating
the airplane or as a measurable force at stands6111. The
thrust pf measured at tattindsti.11of a“rocket ie there-
.~pre always smaller than ite effective .thrust P by the
~roduot of the preesure of the Sir at rest and the ef-
;ectlve mouth

. . —_ ___ . _

area fm of tha nozzle:
.

.—....— ...— . ..._ _. .—.. . —...- .
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P~aP-pafm=9 dm/dt-pafti= om dm/dt+fm(pm- pa) (4).,.- ..=-. l- ,-, ., .. ___. -----

The effeatlve thruet thum obtained from the meaaured-~ree
>...-

thrust “is therefore
*“

P = P~ + pa fm
..

(5)

and the effeotive velooity ia alm~larly obtafned from the
free thrust aa .

0 = P dt/dm = Pi dt/dm + pafm dt/dm - (6)

If the gaa in the mouth of the nozzle expanda up to the
external air pressure then the meaaured thrust la equal
to the ohange of momentum of the combustion gaaea in the
nozzle mouth

\
PI = Om dm/dt

or

a = cm + pafm dt/dm (7) ‘

If the divergence of the nozzle la ao large &hat ex-
parision can take place below the external air pressure,
the flow of the combustion gaaes aeparatea from the nos-
zle wall approximately on attaining the external air
pressure, that ia, in the effective nozzle mouth cross
section. Up to this point the nozzle behavea like one
with proper divergence. After the separation oacllla-
tion phenomena arlae in the separated gaa flow that lead
to’ loaaea.

If the expanaion is not down to the external. air
preaaure, a part of the otherwlae useful heat oontent of
the oombuation gaa la lost without production of thrust
eince with Increasing expansion of the gaaee In the noz-
zle the momentum increasea more rapidly than the product
of the mouth preaaure by the mouth area deereaaea.

If in the neighborhood of the rocket at rest or in
motion with subsonic speed the.air ia carried along by
mixing with the eacaptng exhauat gaqee , thia.a@ara-
tion of the aarround.ing air produoea a deareaa,e in-the
pressure with which may be asaoclated a change of the “
free thrust P!, but not of the effective thrust:

PI = c dm/dt -pa fm



I

~er the. no@et~.mdv&ng,.v Hh.@upers.Qn$e valeeity, this
effect on the thrust of the gase, already e~ected is no
longer possible because af the prepertieta of the super-
‘sonic flow.:- ---- ... .:: ,..:..-.-.:.: . ..... : ... .

:..
If a given rocket is driven stead ~ly- in an outer”

atmosphere of a density varying with time, the effective
thrust Is naturally ~onetant while the free thrust varie6
with the density of the surrounding atmo~phere,. increas-
ing with the lowering of the outside pressure, as. i-s-seen
from the above equation.

The above examples chow that the Introduction of the
concept of “effective thrustn is necessary for the ““clear
discussion of the propulsive force and ai’r”.resistance. .
It is to b-e remarked, however, that with this method of
treatment an air resistance must be ascribed even to the
airplane at rest with engine running, the reeietance be-
ing equal to the product of the pressure of the external
air at rest by the effective area of the nozgle mouth.

4. Llmite of the Ejection Velocity

As has already been ehown, the ejection velocity is
the factor of chief import~nce for the performance ef a
rocket motor. The maximum possible directed flew velocity .
of a gas is obtained at complete cooling and expansion of
the latter from the energy equatimn for known initial heat
content:

Cmax = ~jz (8)

~;]{~’-~’”.
Assuming, for example, the heat content of”.the c@mbu8tion “
produc~s of a gas oil- oxygen fuel equal to about 1,05 X
10e kgm/kg, a limiting value of the ejection velocity
for.these gasei of Cmax = 4570 m/s (10, OOO mph) w~uld be

obtained. There are known to exist, howeve~, technically
controllable chemical reactions of energy concentrations
that correspond.to .a value of’ Creak up *O about 7000 m/s

(15,600 mph) irrespective of the reactibns of atomic” hy-
arogen which are as”yet not evaluated- These figures so
far exceed the usual v~lueef~a the. ~eloci’ties of motion
and everi”the veloeity.of.-~gat motion e“f,the gas molecu~es
that it.is not out of place here to give-.ati exp~anation
based qn gas kinetics theory.

. . . .

I.— .— ————— . . .. . .. . . . . . . - ..-
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.Acoo”rdin% tO B:ol-izmann.-there.‘Ih akaoclated with each
....ds~reo’.of.froo~oa.- of the. tilectilar rnbtioti:%~~a kilogram

of ide.til--@q kinet ~a. erh~r-~y’~i-ri“oal.’”o~”.””&he”uh%’-
.. ..*. .. . .“:

.“---- ..’ .-.,..”.‘..5 ~.;l/~-ART .“:.’ . “.,-..
(s)... >. .... .. .... .

. The total kinetio enargy of the thre~ degrees o~ freedom
in tranelatory ~etiofi.:~e %~e$~f~~< .. .‘.:”’o . .... . . . . . ....: . ..1....- :

. .. . . “.
(lo)

Gapes .of more t~ap one atom poeseo~ in addition. to the
translator aleo.~otatlonki degreem et freedom; f’er alla+
tomio gases’. ‘$ * 5...tind.for-gasds with.throei.or mere’. .
at omO f =60 N . “. .

.,... .
... .. . .

The internal. ehbrgy of.the “gae.~which includes the
kinetic energlea of all translations, r.otatione, and other
degrees of freedom but. not Interatomlb energy 1s

lJ.
.I’

Cv dt = f/2 ART (11)

For a given cs+ate p,v every gas contains, in addition
to the Internal energy U the expansion energy ApV =
ART which, according to (9), .correeponda to two further
degrees of freedom, so t.4at.the heat content J = U+APV.
becomes

. .
. . . ..

/
.J =.

“P ‘T = (f + 2)/2 ART . ~ ““(12)
,

The qeari value of the translator molecular velocity

Cmol is obtained in the.usual manner with the aid of

equation. (10): “ “ -c:..~~ , . ..
. .. ‘b ‘“

.(13)

The llmi.tlng value of the directed flow veloglty after
~mplat.e expan~lon and cooling, T e 0. (th-e total heat
oonterit.being converted Into the energy of dlreated
motion) 1s accord,fng to (8) and (12): .

From,the comparison of the”f.actors .3 and (f +- 2) .
of the last .two equations it is e.edn that for .a flow in-
to a vacuum:

.. 1
... ... .. .“

1. The. energie.s of all dagr.e,ee of freed?m above 3,.
9

J- .

.- — —.
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that “Is,.t.ha:eaaa@~ =“ ~otat.sipv and. Qther
a. @agrees. nf.~f.r~~- if %Sere-,sre” such are. alsc

..
‘~onvnrte~’ .in.t~b’.%.lre<+ner-gg.o.*..~rB.ct.e.& ?e%locIty
as may also b- expected for the cooling o? a
gam , aecor”d4n~”t@ ,+@ “~olt amann law ef equal
part lt”ion of the energieo.

. . . -..# .,. . .=, . ... .. .%”

“2.. !Phe “enOTgy of I&pqn~ioi. ‘Apj =.,@C. ~ ‘i?B..,Is. alsi
converted Into directed veloclty aa must lik-
vise be” e.xppated..ln.a.oa~ipg the- gaa down to
abeolute zero tempera ture. .

. . .. . . .

“setting, as usual., K.=.-o /uv =. (f.+ 2)4f ,for th~. .
i?particular ease of zero. axtqrp 1 pressure , equation (14)

passes over into the familiar Zeuner formpla: “ . ..
—— r

where for rne”natomic,R= 5/3” 7/5 for diatomic, and”
8/6” for triate”mio gases.. - .

This limiting value of the e~ection velocity. cma= =

J=/. (K- 1) gll!t of “a rocket motor. thue cbns.iderably ex-

ceeds “-both the veloci-ty of -sound a =- and the mean
v,alue of the trahslatcry ‘moleeular veldt.-ity” amol””=a

43gE9 . This fact is practically also confirmed by the
velocity measurements of. gunpowder gases in escaping from
the muzzle of heavy guns of small elevation where values
of.2G.@O meters per second (4500 mph) were confirmed (ref-
erence 4) In the expanded gas, that is, outside. the muz-
zle , and also more recently in the supersonic wind tun-
nels of varioue countries where, for air at normal tern-.
perature, the value cmax. = 765 meters per second (1700. .
mph) IS approached. “

-It 1.s to to n“ot.edfinally that “in the thearet”ical
Iipi.ting case of .an expa.nslon. in the no.z”?:ledown t-o zero
external pressure the eff..ec.tilvevelocity. .c agreea: with
the actual velocity of motfon Cmax of the moleculew
.. .
since the b&ck pressure at ‘tlx.e.:msmthhas become zero and
no further expansion takee- p@ce outside the mouth. These
limiting velocities cannqt actually b? utilized completely “
for~t.ha. rocket thrust” sinde tlie~~-c.drrespo.n~to Infinitely
large nozzle mouth areae. “ It id tlieieforq ~.ery ImpoYtant
to know how closely, by means of practically constructible
nozzles mou.nte.d.on:-the .a.iruragt,,the e.ff~ective.ejec?tlon
velocity o ean be ma-de.to a“ppro~eh the limiting value
cmax.
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~w Adi@bat%e~ J’,lowof.E~q@ed “~agm. . . . . :., ‘
.::..F.. . ...... ...--.-....7-

-A.dumer iwa-1~ ~ertlaaa~ ‘“ek.’-t%o:’~la4 i&o ..-&m&r the a;
sumptiona $or .axample.,.-of..per.fed.ly ~diab~tio. flaw of
ideal gassk is posei’ble. In this ease ther’~ is’ap”pl.ioable
the known :aelat~im “.-. ”

= .,.,=. -. . =x . .-

The effeetive ajeotion velocity- the~. be,s,ameoaocord-
Ing to equation. (3) . .. . . . .

X-%(,. ~ ?+, &@ij (16)
. ;./20:

c = cm+ Pm/~mcm = ‘max
.. ...~..:. ... .. . .. .. .. .mo”

>. ... .. :.,,,-W- ... ...
and the required ratio of the e~k~ctiv.~ to.’maxlmu.m e~ec—
tion velocity, that ls<, the ‘Uutili:hw-coef.$-~qio.ntfibf the
noxsle. Ie . . . .... .

., . ..,

qn = c/c=x ‘= K_~ [, + 5 .+; (17 )
2 #K. I --
. 13 0.

.The. coefficient Ie at the same time the ratio of the. .
1: thrust obtained to the maximum obtainable thruet for the
1’

l!

given fuel consumption. Its square ie the ‘internal
efficiency” ~d of the rocket ‘nnzzle. .

G
Plotting - lln againe”t the nozzle .dl.yergence ratio

dm/-dl,’there is obtained I’igure 6. It”.may be seen that
even with very smalk diver %enoe Fatios. t“he effective ejec—
tion velocity already quite clouely a“fipk.oachesthe theo-
retical’ limltl-ng.valu8,; for d i~~ =-Z, for example , the
value Is 9-1percent so that tit~li.such hozzlee exhaubt
ve:lbcitio.s of 4-000 meters per e’econ~ .(-95X)mph) muet be .
.a%talnable tilth rockets using gas: oil- bxy~en fuel. .There
is also piatt{dj the ratio of the muzzle. velocity cm to
the ‘maximum voloclty .8= showing the .gaitidue to the”

back pressure of the escaping gaees- at the mo~th.. :.This
... gat~ naturally decreaeee with inoreas,ing d.mjd f In 8yfite-.
.“of the larger mouth. area , B.o that strongly divergent no%-
.zlee fob.. this main reason are less advan%ageoue ae com-
pared with nozzles of shalle”r diver gbhcb as might at first
be expected. T%ere IS also to be added the. fact , already
mentioned, that with nozzles of v’ery “still divergence or
In operation with very small external pressures the escap-
ing. gae jet adheres to the forward part of the noszle so
that thie ring area Is Included In the effective nozzle

.-
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spaoe aad give~- 4idd:i~fqmaX-t&’u.e.’t.t:.:~e~-?t~is.!reasonnoz- -
zles with very s-11 divergences and even purely eylig--
.dYioal nbwzles glwe ‘dtm~r:fhl~gly: %i@h. off kct~a~tes.i There .
is also plotted. itif Igure. 6.-”t’he”:kffi~lenoy . .-~d =’na& u

. :.:.. .“..-. . .. .- .. d ;..”..:.
ca/C.ama=. .

. .. .

6. Dissooktion of the Cotibus%ion Gases

The” actual. proeadses In the eombus~.ion .g&s are not .
quite so simplb as was assumed tn the adiabatio co~uta-
tion, for auide from the frlu%ion losses , heat losses to
the suxrou.nd~ngs ~ et o+.,’,very .hlgh gas. Wempsratures oocur
with “the high energy concentrations mentioned and hence
considerable deviation from t-he behavior of ideal gases.

.. .. . . .
For th.b -usual teclinieal co.hbustlon .prooesses. the.

combustion. at these temperatures becomes incomplete since
the gas molecu~es already formed, for example, HaO and
co= again partly dissociate. The temperature does not
go beyond a certain value which, by computation and meas-
urement, fbr example, on welding flames, is found to be
about 30000to 35000 C depending on the gas pressure.
This dissociation binds considerable portions of. the heat-
ing value of the fuel. J. .-.

,.. .:.
From the theoretical investigation-data a~ailable,

particularly Schule (referenoe 5) it is found that the
gag resulting.from the.combustion .of.gas oil.amd..oiygen
in .the.rocket combust~?n chamber at least.50 percent-of
the heating value, .t@t. is, about 0.5 x, 10e kgm/kg Is
bound in the~dl.ssoclated .state and is therefore not av&ll-
able as heat confento Assuming” that duriqg the~expansiqn
in t~e nozzle there~ls h6t .8uff.icient t.lpq’for. reco”m~lnq-
tion of the Qiepdb.iate.d mole.culps ~(?,tha.$ the gas. ha%.ex-
pande-d addab@tioally. frbrn tlis hpat p.gqt.ent c.orrstiponding
to Its Initial, temperature the energy bou4d.in the dlsso~
ciation Is oompleteij los,t for th-e e~eqtion, pro-oesso The
remainder of the combustion” OCCUPS outside” the nozsle “
without ahy: useful. effect. The.at.tainable sJeotion .ve-

‘.locities would In this “~dke.2ie &t aonsiderably”lower val-
ues. Under the shove.-ment$oaed% condition~ .thare would be
obtained for th~.gas oil- oxygen. prapelled rocket a rnaxi-

. mum possible eJect.lon..,veloc4%y.of.about .,.,
. . .

. .
‘max = .2g.& 0.5 x; lQe = 3“160.m/s.”(7000rnPh)

--. . . .. -

Inst.ead.of 4570 meters per-&6een$ (~O;OWl mph) if the.*.. . ..: .

J
-. I
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c?omplote heating valui!r-df the”ftie~ w8re utilized. With
‘8 n’ozzlb atlll~tiom factor- .t~ ) of 91 pereont. the ef-
.fedt.ivb +elooity.avould be o ● .~875 metqrs per seooqd

- (640~ mph]ga}~t im , thb”effioienoy .of-the “entire. proo-
eOO qd = .= .42.3 peraent :Snd”the. cO/~m~X = 65

ma~ . . .. .. . ..W..
peroent. .

r..:.,.. . .
.. . . . .. . ..,., ,..

. . .... .....
1“’!l!tireare; hpwever,..a “n~mborm~f~ elrpumitarioe~ whioh

.. ~end to make -tho diseooiation in. the “reoket’mmmotb~unfavor-
-... able .to a .leus dkterit t~n tndi~hted above.’ First , it

must be 88qu~ed. ”t@t.. with -the..e~~las~ve or “Qotonatirig
eharaoter of.the qombuetiod. of .gqs” oil and” oxyge”n,”therk is
no suffioien:t time for the o.emplete “eitabl~ghment of the
diseooiat”ion equilibrium. “ Iri.this”oase. the ~l$eoc$~tion
does not appear to ooour to the extent ‘tndicatid”by theory.
The temperature of the combustion gases therefore rises
above the maximua value limited hy..the dissociation to
the order of magnitude of the 6un~s temperature and to

.eveh considerably higher temperatures in the detonation
waves themselves (reference 6). In thie way the initial
heat content of the combustion ga.eee more cloeely ap-
proaches the available energy. of ,the fuel and the burnt
ghses.behave more like a chemically inaotive gae eo that
the diesoclation losses, at leaet for the initial pree-
sures of the. recently.burnt ga~ee, are lowered. The lni-
tlal. preseureta then increase to the order of magnituds
of the detonation pressures. . . . .

If the extremely rapid comb.us.tton Ie follewed direct-
ly by. a similarly rapid expansion then the iatter procees
m+y be con~idered approximately aa.an Bdia%atic expaneion
of very high initial heat eonte”nt.
. .

The obserye.d heat r.ad”l”atluna~”s-oirid”icate~ the oo-
ourr”eno.e of .gae tqmp.eraturee abowe thti vk.luee limitsd.by
the p.eual de%on.a.tio?e Furthermirei the mean fr~e. path
of.the. gas mole!mlesq partio.u}arlx.at t-he high com~ustlon
chamber preeeures” Is e? ,sma~l.compared to “the”path “of the
gaseti through.the exhaust nozzie +.hatm”a.ny.~x~eting die-
soaiation, “at l~aet i+?..faras free’ qto”me.”(“for~example,
.H, .0) are concerned, is” eompens”ated during the e+?an–
Bi9n pToq*O.e. .Th?re th,en.occurs.duriqg tqe expansion an
afterburning so that ‘~~e gae.”tempe~aturo rema.ine-a.pproxl-
rnately oonstant and the e+pafieion” during the &ftOTb~rning

- Is Isothermal (reference,, l,p. 24). ‘ -
..

.’ ,.
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gh~ ~o.XY .l~pqrtan& ~ue% t~o~~as- tm .t~~ a~t.a.lnab19
ejection reloeity -of a r.ockp+.motor .thutaqannot %e cvm-
ple.t~ly anpwerod through ~o~put.qt Ion alone......The author
therefore underteok numerous teat stana experime-hte with
14 different rocket motor models of the type sltsrtched
.In figure .2.. Each .~un w~e up to a half hour ‘s dwat ion,

‘.t he- m~-akured. %hru? t up f“a.%0 ‘~il’ogkanman{ ‘the wefght of
“ the mot o.rs alwa.~.s.below- 1/2 .kilocgr-am. ‘Petroleum gas oil

and pure ox~e”h w~”e. at “firnt used a% fuels.. The oxy~en
wao for .-tGhamoat .~.rt .:g.aseoumWelding oxygen ,“the l.iquld
form being use~ ?nly ‘in a. few’ te.ste tiecause although the
combustion was a.u-etek~~ tik.”wl.th .t%o gaeeoue oxygen t,ho
cold .attmized liquid oxygen ga-ve considerable ignition
lag.

... -.

~iguz!e 7 gives a view of the inbtrurnent room of the
test set-ug. At the left is se”en the Bosoh injection

.pump for in~eoting the fuel oil; whereas , on the instru-
ment board itself are mounted indicators for the oil
pr.~ssuie, .pr-essur.e of the-burnt gas, -temperature of cool-
ing mediiam, fuel consum~tion, duration of test ; oXyg-e”n-
con8umpt ioti, o~.gsm preeeture, etc. All apparatus .fffk..
conducting the ox~en =re for reasons of taafety removed
from ‘the Iqstirum.entiroom, the regulation of the oxygen
supply being effected by means of a handwheel over a re-
mote control as shown at the right of the figure. .

. .
The tqst .roorn.i~eelf com&inlcates with the instru-

ment room only through a :sma.11 obe”erva.tion window like-
wise seen in ‘t”hepicture”. : .. . “ ‘:

. . .. . .’ .”. ... . . .

.Fi~re 8..givea a view of the te~t room one qide of
‘whic& is cornplete~y ope~.to ‘thd o’utsiddj” atid.the teet .
at~nd. The me-t.o.y‘wafa‘iu-ep.d.n.d.qd-on...asving~$g frame
which’ wa~ ~a,pable of..rnovim.g-praotlcall$ only in the-di-
rection of the her.i”zontal motor. axiq.. . !l?he‘lraking and
transm:taslon OF thu free tlirust”to the iu-ppbft fixed on
the ground wai over a horizontal ?pdin~ dynamometer which
at the aarne time measured the thf’tiet; By this arrange-
ment and a fixed oallbrdtlon. s~tatem all frictional forces~

“ elastic f’orite,s of the p~pirig, etc, , were excluded from
,the thiust.adaeur?rnq.rit... Both of:the’ above photographs
apply to a phase of tlie t~e$” where for the accurate .meae-
urement of the heat con-duat+on. thibii~h the codbustion-
chamber wall the cooling was effected with water inOtead
.of with the fuel itself,

I
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-3’~&ro .9 slmwe % h~:,-li~ai~”o~ygqn..nlgh preesure” “.t&.i’
which was put unde5’ a ‘pfds”buro -of 156 a.trnoephe~ae:%lfh+

~~the aid ef the ueual gaeeous oxygen-, the liquid fNwLng
from a Coritrml valve in..$he.tank into the combustion
oham%er ●

... ... ----
.:

~igure. 10 s~ows a rooke.t fligh~ meter operating with ‘
30 kilograms effdq-~fid **rust. &u wgq to”.bm eapeat-ed-. -
from the thaoretlcal~ooheideratldns, tihe’attadnablte effec-
tive @~eotloq-v610city wai.”feund-to be’.bhl$fvdt~:ellghtly
dependent on the”shape and’ divergenoe”tiatiio ?@.the ejec-
tion nozsle. This laok-of &ensftirityI eYea”teTtendod t?.
nozzles with surfaces that were roughened on purpos~., On
the other hand, the e~ection veloalty depended to a very
larg”b extd”ht on the Qhallty of-the eombtistion “in..the aom-
bus~”ion bhamberr. “ ... . . . .

As faot.ors influencing the- combustion the follewin~
<bre separately studied: “the turbule”nce. of the fuel,
the preheating”of the fuel,. ahd-the”length of time. the
fuel remained in the” combustion Ghamber”.. . . . . ... .-.. . . . .-

“,... Tur15tilenc&’o-i’-”t~e“fu-el”.aft’er~ntr-odudtfom intc .tha
“.stihertcal-shkp”e c“omtiustloa chamber was produced to.a
large extent by’”atruotural”means . Preheating was obtained
by using the fuel to cool. the .comtiustion spaoe walls be-
foreadmisslon.. This prehbat.lng was found to be of”great
advantage for the fuel oil ahd almost lndlspen~able for
the liquid. oxjrgen. The.effe.ct of these” factors tin the
the ejection velocity of both was, however, very small
In comparison with the effect of the length of stay of
the fuel in the combustion. ahamber, as had been surmhed.
(reference 1, p. 69).

Denoking. b~ V, (m’/kg) the speelfle volume ofthe
b.nrnt g.asea h the: aliambdr and by ~ (kg/a.)~fhe. WdS ht
of’gas ~consumd.d pe~ s“ecoti”d”.therilts“volutid.is” G-V.. ‘L31S).
The length.of..stay in the combustion ohambe~ is t~en ‘
t .?;vlc“oh/GVo. (eec) o&J’by ~kinq-use of,the gqs equa-
tion

.. . :..
PoVo=RTo.S :{.: . .... ,, . ..

(18)

For a given mot-or the stay Interval depends o“nly very
sllghtly on the throttling; as.~may be seen from the fol-
lowing consideration. Sett”lng”

\ . . . “.
P = kl fl p.

.- . .

P = Gc/g
Tocp = kaca/2g
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(wMere kl ~ sad. k= are moSk.le~’cUn.e4~nts-)into equation
~18~i~g~ adtib$ning..all f %xtid’vl%kuwe tito a.:new conta%ant. . . . .,.. . . .. . . . . :.. ...

.. ... “v
... - ...... . .

t
C o“h. ‘

=k—
... ‘ <19)

flc. . ... . . ..-. ..-,-,. ..

For a given motor t and ...tiare.the.fef<ore inversely
proportional. Sincer howe”ver, a- <aFikrn only. within
v-cry narYow ZIrnite the wtay interval Is determined. mainly
by” the ohoicb of the ratid V= eh/ft, but to a first ap–

proximation is imdependegt,of. the throttling of the 6n-
gine.

. ... .
...

.“
In figur~ 11 ‘thh obtained ef”faatlve veio,city’. .c..of

nine different motor”s Is plotted againtat the Biay interval
t , and a ,mean curve. drawn throyg,h the pointe. Thle curve
is one of the most Imyortant obtained fr”om the entire
seriee of te+3ts. The small scattering of the test results
16 explalried eatiefactorlly by the naturally varying tur-
bulence and preheating of the fuels. It may be seen that
for Intervalm of the order of l/100.secondGjectlon veloci-
ties above 3500 metere per second (78.00mph) are attained,
so that no appreciable losses through dlssociatfop occur.
Whether at considerably higher stay intervals sufficient
time remains for appreciable dtsaociation and hencs a
lowering of the c values could. qot be determined with
the system used since the cooling losses through the com-
bustion. chamber walls then became considerable.

For the rooket flight engine there thus exists an
optimum size of combustion chamber for which the combus-
tion is already sufficiently complete and no apprbcla%le
losses through cooling or -dissociation occur. According
to the test r~sults thns far obtained this %lze of. com-
bustion chamber seems to be attained for-about.l/lOO sec-
ond of etay.interval. (See also reference 1, pp. 69,70.)

“In the ease where apprsciab-le dissoc~atlon does not
appear for the explosion-type combustion in the rocket
chamber the wall temperature must rime to an order of
magnitude of 6000° absolute. This value is obtained w~th
the ejection velocity found from the fundamental equation
of gas dypamics

CPT= ka ca/2g

where for thm nozzles employed ka = 1.2.

I



.—

I

. .
“Direct ,temperutura” mea~uremente. were not. poaslble,

..- ‘.qhe keat.oondud.t%aa. thr.ough,.the..oo.m~.ust~en.wa~ls wa~,
.hovever, -oapefully”.measured. O: ~er:the-max4mtiE. ~xhhust -

..’ velocities values.:up:tn abeut..l hp/oma through the: oom-
.bustion ehatiber :well. were”.obt~iadd:. this-is about 30.
timee the, mexdtium.yaluei obtttlned with.internal eombds-
tion engine. *If.,lt is aesumed,wlth. the. oombastion-teoh-
ntoians , that for.:the~rela.tlve.ly still. c@mbustion+gas
velocities.. in,thejcombtistlon. uhamber. the-oonveetlon is
“small as-compared.with.the. radlat~oh; similar vaIues are
arrfved at fo.r.ths. temperature. of;the-.radlat3n& gas. “The
e~eotion veloaiti,es obtalne~.are also:ihdireotly .cbnfirmed

.. by the temperature 6bserWabtone.. . . ..:.. : .Y . . . . -
. . . . . . ... . . . . .

. . In.:th~:ntirner4aa~.teet .i~aui.t:s.~h;.,w.mrk”~onein in-
. troducing the llqiaid.f~el.is not :speclally .accountdd for
beeause. even for.bigb a@ql@slon:.pressuras.. the work..rs-
malns in the region of 1 percent of the output,

R

1
Heat..lnseps~.t.hrOugh ~~e;.walls o$’the.nrotor to the

surroundings did not arise In the results of the experi-
ments sinoe the heat passing through was taken up mostly
by:.the.fuels .them~al?es,, and.,hensq..vas.qgqin utilized for
the combustion fn .thq-o@rnbert ,.s - .. - ...: .. -. .

.“-.. .! . . ..-.“. . . . . .

.$he.qxperienci-:gaiie@-.fro~~thivery pxtensivi ~ests...
. . qannot~ here be oonm$aered;pere In.detailti. qseenti~lly a

..number of condit$on.q:wqre clarified whloh”had.been .raised
..as .ohjeotiens against. the .poseibility of the c~nstr.uction

-. of rocket motors, . The.most importaat are SS fellows:
.. ;.... ... . . ..

1. .The e~eotloh. ~elocitiy: of the oombustlon g~ses,
.“ - with suitable shaping. of the. mmtor-, beeomes

far greater than the..mean-value of the trans-
lator velocity of the ajeoted gaa molecules.

2. The dissociat:ieh~of the burnt gas aaaooiated with
the usual combustion at very high flame tem-
perature, leads: in the castr.of”the rocket motor
to no appreciable losses.

. . .1.1 ... .
3. The ex-plosi~e oombustlon of liquid hydrocarbons

with llquld~a.xygqn .$*’perfectly stqady with
continuous admlsslon, ..- . ...

..... ., ~., .....,... .. :... :-..4..:.?. . .

4. The problem of struoturai-.&ter~al for-the com-
bustion eha~%e~.Q~~I~he...mDs~se.e of rooket mOtOrS.
IS praotioally solvable-

... . .. . .
That the eject~on v~lbiit~e~ attai~gd and the safety
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,of opera.tion ar”e even “mor.6:rC8&dily kt~a,~na?la $h””f’ull “
scale construction f“ollows from a ‘numb@r of’-rea?on~.o.”for
example..,from the larger time intierval .wlthin- dhich the
burnt, gas remains in,”t.helarge.kozs~a fet. whidh the *e-
locity ’of fLov its’”alibut”the S&rn& as’ far -tke modal n.oz=le , .
8.o that recornbln-atiio.nafter dltaeoz~at Ion, titerburning,
and so forth, are possible to a gre&tei bxtent f’or tha
larger noti%le. . Turt.hermo.re ,.“in large .nozzlen the boudll-
ary-layer lease-e-err-esmaller beaause of the. relatively
emall nozzle surfa”ce i’rea.. . Beuaude of’ theee geometric -
relatio.ns btber -cfi-nditlohsYemaihlng the” same, the com-
bination wall to be ~rotected df the full-scale nozzle
is much smaller, and so forth. ~heire is thus no question
of the nosslblllt~ of apnlying the results on the model
to the full-scale motor. The tehte”w.ill- be continued” with
hl’gh-vklue fuels with the chject of raising. the ejec’tlon
velocity tc above 5000 meters per second (11,000 mph).

. .

- 2. EXTERIOR BALLISTICS OF THE ROCKET AIRCRAFT .

Rocket alrcraf~t are .a~a~yt’lcall-y Investigated the
flight paths of which consist..only of climb to the de–
sired flight altitudes followed directly by gliding de-
soetnt. Both climb and descent are so determined that
the..alr forces remain ”withln definite limits which depend
essentia”ll~ on the weight in flight. The computation
carried .out.on the basis of these assumptions with-regard
to the flight -path shows a considerable advantage of the
rocket aircraft over the conventional propeller airplane
as-regards flight speed and celling while the range re-
mains about the same because of the necessity of carrying
aleng “the

a

c

‘a

Cao

Cf

‘w

fuel oxygen.

1. Noiatlon .,

.veloclty of sound in air (m/&) -

j’e~velpclty of”the motor (m/s)

lift coefficient (A/qF) .

lift coefficient in neighborhood of. ground
... .

friction Coefflclent .“

drag coefficient (W/qP) . .

* ... .
. .

..
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~“m :drag q~eff.t~ianf- ofywa~e ; A:....;:.; .-. ...” ,., ..--. -

~ .a~oelsratlon of grayl:y (rn~s~)..: . .
..:... ..

h altitude (m) “ .
,. “ *ti c: ”...:-.:

2 mean freez.y?th of air molecylef,n(p) ,:.. . . .

m Mach number {v/a)
.. . ..#)r. .l-; :,....... .-

Ap pressure .Incaement above or below atmosphere
(k~/ma)...... :>:.’.,..... “ :;.. .. ..

q ““path traversed [m) ~ ~’ .: . .’..
. . .

. . 6 “-:.depthbffl~ght ‘bodyulh.>low_direotion .(m).... . .. .
.. v“ fl~ght.velocity” (m/q) “.’ .,, ~~.fi~.,‘:.. ‘fi:

.. . . . . ...
.,.

.7...‘.fl~g~6velocity In neighbor.h~odof-.,~qoun-d .(m/s)
..... .. . . .,..:.. . .. .

k. ‘.lif% (kg)
.:. ..... . - ,.,.. ‘

. -. ,... . . .

E’ wing area (ma)
..,. ,..:. ... .. .

~t main bulkhead area .(ma) .
. .

. . G. weight in flight (kg).
.. . .

...... . G
o weight iri’neighborhood..of ground (kg)

. .
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o’f-%I*”)”-(k~~rn3)

Y. air dens ity ~h ‘rie.~ghbdrhb.;d-if 5k&~”- (kg/.rn3)

6 baundary layef::iliicknd~e’cm} ‘:“.-. - : “.“

c glide ratf~ ‘(cw/oa]. ‘.: . . “.“.“‘‘::

K adiabat ia exponent . “ ‘. “.””“ :‘ ‘..

v kinematic-’viscti s~~f (ma/d) . . - ..... . .

1? inclination of path (deg. ) .. ‘- “ . .

;$. .. .... . . . .. .. -... .. . .

2. External Yoroes on the Rocket Aircraft

Since for tec.hnieal reasons the gdneral-construc-
tional features may be assumed to follow those of the con-
ventional propeller aircraft, that? its, a propulsive force
in the d:rection of flight, fueelage with epeclal lifting
surfaces , dimllar arrangement of eo-ntiols , take-off from
the ground into the wind, etc., the forcee acting on the
rocket aircraft are of quite the Bame type ae thoee acting
on the propeller aircraft. The relative magnitudes of the
forces diffe~, however, considbrabl$ and on this circum-
stance is based the special flight performance of the rock-
et aircraft.

The external forces acting on the aircraft are essen-
tially the aerodynamic lift A of the wings, the drag “W
of the airoraft, the propulsive ”force P of the rocket
engine, and the weight G of the aircra~t. In addition,”
use is made in the computation of the flight path normal
and tangential component X and T, respectively, of the
dlAlembert inertia foroe”. . “

. . . - :...

3. Air. Forces on the Rocket Aircraft,,

For the computation of the air forces,. particularly
In the very important velooity” .range-”abov.e the velocity of
sound, the actual shape of the aircraft (figs. 12 and 13)
(referedce 1) Is flrsf rdplaced-”by the.simple geometrical
scheme df figure. 14.. The. fuselage .Ie .to .be conaldered as
a right circular cone jof-ritidto a...crculd~d~cylinder at the
baee and the wlnge as thin flat 1.4.tes.:@t Sarnall angle of
attack, T.his”scherne fijr t-hb”a~+tsraft wa”s chosen because
it id verz favorqble fr~rn a flo~; ~y,namic.q vlswpoint at

..-1 .-.. ., . ...
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.
very .h”igh Ve”looit ies a“nd’%eoau”ee -defin~t-e forpna~”aa f m? the .
~~~. .f’~ed”~:ard. aVaila’b~e f or. ~~e..s%jmple.-geometrical bodies
at; euperao?il.o-speedd .“;. - .“ . .

.. . .. . .. .
. :# .

The air is.f inst assumed as. usual to be- a eohtinuous
..- medlum with the folloving” proper tlee; sero. heat conductiv–

ity, free from vbrtioee and external forpas, e$astiaally
compressible agcordlng to the gam laws and friotionless
outside the region of the-boundary layes~.

.
The air ”foruos”.are given hy.the usual.formulae:

. ....

A = ea Y/2g”F.ira - ... “. .
“.

. . .

.:. “v = Ow Y/2g”%:va “ .“ ‘ (1)

“Per’mader.ate +eloeiiie8 ””6f:t.h@airplane the air-force
...coe$t’tcfentm ~a s and ~.w” a%e; as ie kno.wri,independent

of tho velocit~. ‘~he “very ’narrow ”wlng”profile. and the
slender fuselage shapoe lead to the expectation that the
coefficients do””not a-pprkciably change up to about the
veloolty of sound; so f“or“the o.mtire subsonic region of
“velocities may be “set approxlma.telV:

Ca = c“onst ;ri,d:..Cw .= con.a.t. .

The dre”g}l.ift:rat”io “of,:thp .’ai,rer~ftehow~ in-flgurea.12
an”d 13 are astiumed iq the :subsoq.io~regiq.n to be. c = 9.2.
In the supere”orilc weloclty “Fdnge the air force coefficients
depend on the fllght spee~.
... . . . . .

: l!he.coeffiolkri:~..of t.he’flat p~ake” for small angles
of..attkolc“a; accordtn& to Ackeret-uBemann .(r@ferenoe .
7) are:

:.. . . .
a.. .—

... . . ‘.vji~b’:~:””” ._;, *=s“...- . . .:... . . ...
The drag coefficient of a cone of, ~ngle 2% .fnax~al flow
143~“aocordiiig””to B.tis.6m&nn=airnhri~(r.efere~:oo.8), . ..... I. .... . : ,.. . . ---

., .. . . . . -.
. . .. -. . . . .

Cwd.. + “c. .. . ~+_ :2
% = w~ =.~a in. aa/va

aa(va/a.5. ... 1). K

.. where. the’first .memBer gl~es the ~res:buro drag in front
and the aeoond member the wake behind the moving body.

,-. . -. -— .
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For”the””free “flow at a aertaln d~tatance from the sur-
face of the-”-body where the flow processes are mainly af-
feated by the inertia forceB, the assdli~ion of friction- .
1000 flow, as ita known, appllee with sufficient accuracyQ
In ‘the nelgh%orhood”of the surface, however, the viscosity
foroes are predominant, so that the energy-consuming Prandtl
bounds.r.y layer is built up and frictional forces parallel
to the surface arise. As is known from experience, these
frictional forcee do not Increase linearly with the veloc-
ity near the earth aocording to the Newton law, lut be-
cause of the turbulent processeta -in the boundary layer in-
creaae practically with the square of the velocity, the
frictional etreeses dmounting tt5&bout 0.3 percent of the
dynamic pressure. There would thus be obtained a fric-
tional coefficient referred to the rubbing eurfaoe of cf =
0.003. .

At the flight altitude of 40 to 60 kilometers 425 to
37 miles) required for practical rdaket flight purposes,
the Xree path of the air molecules 1 = v/a becomes com-

parable with the boun-dary layer. thickness ~ =~~, for

example , */l = J/at vl * 10. There should therefore hardly
be any opportudty for the building up of the usual turbu-
lent boundary layer processes, a faot alao indicated ac-
cording to Bueemann by the small value of the Reynolds
number R = vt/al. The friction at thl? altitude is there–
fore considerably smaller than for the flights In the
neighborhood of the ground and is therefore small in com-
parison with the other air forces. . This also is indicated
by experience with high altitude projectiles.

With regard to the actual magnitude of the air friction
under these conditions little-information is available. We
therefore oonsider for the present the two. limitng cases:

*

1. The frictional forces of the-air on the rocket
airplane flying with supersonic velocity are
neglected, compared to the othbr air forces.
There are thus considered only the previously
given relations for Ca and Cw .

2. The air frlotion” Ie assumed in addition to the
remaining air forces and oonsldered to be of
the same order of magnitude as for motion In
the aentie;air- region near the ground so that
Cf = 0.003; ““

For the scheme “of our ro-cket aircraft shown in”figure
. . .. . .



,— --- - .. .—. —

BXLOJL!Ci#dlinl-6al!Hernorziridurn’Mo. 1012 Z5
~

14,” the” air ‘for”oe. relationti “~:l-ottemd~n” f-iguro “15 arq then
obt-ainod-,.tlfo‘zilr-foroe -“*deMio.len.to.%qfng-r’o$erred..to:..
the wing arsa F ●lone.; “ .

. . ..... . .. ”.*.

=.00035 cwd +“0..096 Cw~ + Ow +. (+ 3005 Cf) = ~ ....
. . . .

4
= 0.035 Ua in + 0.035 ~ aalva + “

aa(va/aa - 1)
., :.

.-.
+ (+ 3.05” X“O.003)

.+:& “
. . . .

. . .
. .

“with a = 0..1 (angle of attack of wing and half cone angle
equal)

0.4. . za =. .

/7

—.

Va” 13a -.1 . “.
. .

“.

“ 400 ‘ 0.04 “
F = 0.00035 in + omo50”aa/va +

w va/aa ~1 1 J-; +:
.,. -1.

presetire on body- body’ wake. wing dkag
,... ....

...
.‘+. (+ o.oo9i5)

.-. .. . .. total frlotion

It may be eeen fram fi~re 15 :thAt i eondtarit’-oo-eff~olent
of friction, particularly at the high: supersonic .veidei-
tien , would mean a prepon~erance of -the frictional forces
cqmpared to the other air resistanaeei “In figure 15 .
are also plotted .Ghe lift/drag ratioa with and. tiithaut
fri Sti On aorrespo~ding” to the above “two ~imiting cased.

1.. .. -.-—
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The true lift/drag rati.a, becau~o. of.the sufficiently
laminar flow assumed, will probably lie.between the two
ourve.s although its preoise naturs Is unknown. In order
to simplify the computation as much as possible a value
aJcw = otms.t = 6 wqs therefore chosen. This value is

assumed to inolude also several other resistances of the
airplane due to finite thickness of the wings;” tail sur-
fBoes, eta.

The formulas given by Ackeret, Busemann, and.Karman
for the air foroes at supersonic speed depend entirely
on the a@sumptlon that the air may be considered as a
continuous medium .@nd the angle of attack a .at which
the a-lr stream strikes all the surfaces is smal~ compared
to the Mach angle m. If the latter assumption is no
longer satisfied, compression shooks, subsonic velocities,
increased air forces, etc. , will be encountered at the
surface as shown theoretically by Prandtl for the case
a= w/2 (reference 9.).

At the flight speeds considered here of from fiqe to
ten times the sound velocity, this assumption,.. even for
very slender fuselage shapes and very sma”ll angles of at-
t&ck , is aotually not well satimfied. Similarly with the
assumption of the air as a continuous medium for the con-
siderably larger free path of the moleoules at the flight
altitudes of 40 to 60 kilometers.

For the computations below it is therefore a welcome
confirmation of their underlying assumptions that also
according to the elementary Hewton theory the air forces
would oome out similar to the laws that have shown them-
selves applicable In the related field of exterior bal-
listics. We thus consider the air an elastic dlscontlnuum
consisting of B large number of mass particles of very
small magnitude without mutual effect on each other and
exerting perfeatly elastlc foraes on a fixed obstaole,
assumptions which Have been successfully applied also In
the kinetic theory of gases. For th~ lift coefficient of
our wing the relation

Ca =“4 sins a COB a + 2/K aa/va = 4 aa + 1.43 a~/va

is then obtained, The first term refers to the pressure.
on””the pressure side and ‘the second term Indicates’ the
assumption that” there “is “a.odidplete air vacuum on the
suction side. Simoe both terms represent an upper limit
of the air foreee, the ab’bve.”relat20n will be denoted
briefly as the IIlimitinmg fbrmtila.m .

. -. ---- .
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. . . . . .. The. f-low for.~eo comslst -he~.e’omly of “the impact .
f oree~–produoed b“y tlib liir maleau~es~x The ‘wake ,“ taa, .
consists of imp’aot forces due to the heat motion of the
m~lecul”es which; beoause of the motion” of the aircraft,
ad only against “the pre~aure side, ..

For the conditions actually applying in our oa”se,
the above considerations oan also be taken as a limiting
caae which would be realised only if the free mean pa+~h
d.epemd.od on the magnitude of the ai~craft dlmonsio.ns,
which 1s the ease only at oonslderably higher altitudes.
In figure 16 the Oa yaluea of t“he flat p3.ate aacording
to Busemann and to the limitlng value formula are plot-
ted and both curves are found-to bs- in suoh good agree–
ment that in what followo. une will be made. of the latter
formula. This Is also ~ustified by the ooneideratlon
that IIewtonts theory gives a drag/lift ratio Independent
of the flight epeed - an assumption whioh from the other
point of view must be taken to hold only with a certain
degree Of arbitrariness.and also from the fact that
Newtonve formula by ltB very nature doee not take Into
account any epeoiql frictional forces.

In the air force formulas”in equation (1) the ooef-
ficlents in the supereoni~ region referred to the wing
area are thus found to be ..

Ca = 0.04 +“ i.43 aa/va; Cw = 0.2 Ca; ~ = 0.2 (2)

An assumption must also be ~de with regard t“o the
air density and its dependence on the flight “altitude.
For simpllfic-ation Hohmannls formula IS “chosen for this
purpooo (referenoelO)

. .

. .
/“ “(

#
““4e

y ?Yo 1 “
h’

)

. .
. .-. — ‘ (a)

., .400000 “’, ‘. -., .
.“

. which ‘givee the actual relations over the tbta.1 altitude
range here eoneidered. The wing lift In the”su’b80@ic
range then becomes :“

.,.
.-

A = aa Yo/2g (1 - “h/400000)49-P Va- - “
. . .

axialin the” “supersonic range.

. A = (().04 + 1.43 aa/Fa) Y.o/2g (1 - h/~@oooo)4e ~ “Va “..

. . . ... . .. ..
. . . . . . . .

——. . -. --—
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“Per the flight relat~ons in the neighbo~hood of the

ground ~

Ao=ao= CB* vo/2~ ~“~.~, -

from which ,.

Yo/.2g F = Go/aao v~ .. .

Hence the lift per unit take-off weight of the aircraft is

.
~/G. =.-08 V ‘/Cao Voa (1-h/400000)4’

or
A/ G.. = v’/cao @o’ “(0.04 +: .1.43 a.~/va)

(1 - h/400000)49” (4)
and the drag

w/G. = c Ca va/bao v$(l - h/400000)4g
or

W/G. = c Y=/caovo a “(0.04 + 1.43 a’/v’)”

(1 - h/4ooouo)49 . .
.

(5) “ “

4. Centrifugal 11’orceon the Rocket Aircraft
.

The remaining external forces on the.aircraft can
be-giiren only ai’ier a more- de~ailed description of the
path pro?ert$.es aa a function of h, v,”etc. For the
present, however, “a few remarks will be made regarding
the centrifugal force.

The Imertla fokce M normal to the flight path is
due to the path curvature and is thus determined by the
radius of aurvature - and the fllght velocity Y. R’or
the velocities first ~ttainable v may with sufficient
accuracy be referred to the starting point. In the flight
paths coasldered”later for those caaes where H is an
Important factor, it iEI permissible with sufficient accu-
racy to substitute for the flight path radiun the distance
of the airplane from the earthls center (~ + h) where
the eArth~s mean radiue ie R = 6.378 X 10 meters . Then
for E “

M *.mva/~= (%a/g@ + h) = Gva/gR . -

since even with a rocket aircraft the flight altitude may
be neglected in comparison with the earthfs radius.

.. . . .
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5. The Climb Path in the. Suboonio. Bange
.... . .. ...- -. .... .. . ...

Simple consideration ohovs that fl”lg’htopeodta-’”atio-vo
about 500 meters per seoond (1100 mph) should first be
attainable for praotieally possible take-off velocities
without ohange in the w~ng lift relations at about 36 to
40 kilometers altitude if oonstant dynamic pres~urb Is
assumed during this climb. The shape of the olimb path
between h = O and, for example, h E 35,000 meters fOr
fixed shape of airoraft .(part~oularly for wing size, wing
angle of attaok) is a funation only of the magnitude and
the time variation of the propulsive “foroe. Several prao-
tioal limits are imposed by the olimb ourve attainable
with the usual means, phyalologleally unfavorable effeot
of too high airplane aooelerations on the passengers and
by the inoreataed structural difficulties of rooket motors
of very high power.

A numerioal computation is presented of the particu-
larly simple ease of a reot~linear Bubsonlo climb path
inclined to the horizontal by a oonstant angle q). P’or
such a olimb path the required propulsive force is com-
pletely defined at each instant and can therefore be com-
puted.

Setting the force components parallel and normal to
the axis equal to ‘zero gives for the required rocket pro-
pulsive foroe acoording to figure 17:

from whioh

or

P/G = (sin q +-c 00S q + l/g dv/dt)

From the meoond equ~llbr~um eq~tion and relation (4)
there follows -..“ .. .. .

(v/vo)a(l - s“ sin 9/400000)49 = G/Go oom 9

Setting to a first a~pr~xlmation G/Ga “a oonstant ~q~l
to k= the mean value of the weight over the subeonlc
climb path, where Ga is the weight of the airplane at

—
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the end “of”the subaontc?.ahd the beglnning”of the super-
sonlo..elimb path, there IS obtained for v:

v = dm/dt ‘= vo-~kl aos.~ (1 - s sin cp/40.0000)_84”s

Integrating enoe aad noting the boundary oondltions,
there is obtained .-

. .

t= 15700 .

[
1- (1 - e sin 9/400000Ys”s

y~kl eb? ~“ sin v 1“. A
.. . .

and ..

[
s=40QOO07Bib ~ 1 - (1 - V. t- kl ooc q sin q/15700) 1/86’s

“.

(6)
1.-

The required value of dv/ dt with the aid of the funda-
mental relation dv~dt u v dv/dO in obtained as. .

dvldt = V: k ~ sin 2 cf/326400 (1 - s Bin ~/400000)-s0

The thrust to weight ratio is then

P/G= kc/& = sin q + c cos.cp + Voa kl sin 2 cp/32640g

(1 : a sin 9/400000r60 (7)

where k gives the fractibn of weight G gtven off by
the rocket per second and o the e.jeation velocity of the
gases (henoe only the combustion gases are considered here
am the accelerated gag maaeea in the sense of the propul-
sion). Furthermore , the total deereaee In weight on the
subsonic climb path up to each i~stant of t ime is

d(l = -QK.dt

Q/G. =

O-gt/c (s”inq+ cosrp)-vo/c~[(l-voms lnfllaoe~ t/15700r0”ea -q

(8)..

The angle.nf. inclination .,~. of the subsonic path is to .
lre so ehoaen-that the fuel ~“o”nsumption lU a min!mum;

..

II
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Taking v = 00 m/e (180 ~h), V = 530 =/S (1200
mph),-- e= 3708 BJ4ws0-+w}, aai. -Cs.cw..., e ftit.
minimum of the fuel consumption i~ obtained for q) = 30°.
With this value a few of the Oh-araeterlmtio magnitude-
for the climb path like flight veloolty v, dimtanoe
aovered s, effeetlve rogket thrust P/c+, and actual
airplane aooeleration dv/dt are” plotted ae funatlona
of time in figure 18- It ie noted firmt of all that the
applicable take-off accelerations must remain throughout
within moderate limito to prevent the airfloroes during
ollmb from Inoreaslhg beyond a desired degree and hinder
rather than assist tha olimb.

The aubeonlc olimb with favorable olimb angles dis-
oussed above iB only one branoh of the long flight path
further deeorlbed below of a rooket airoraft.

6. The Cllmb Path in the Supersonic Range

The nature of the eupersonio bra~h of the climb
path is influenced to a very large extent by the circum-
stance that the air forces In the supersonic range in-
crease much more slowly with the velocity than Is the
ease for the subsonlo range. Practically this means that
very considerable flight velocity increments oan be bal-
anoed with respeot to the air forces by only small altl-
tude displacements of the flight path so that all practl-
oal rocket flight veloolties are possible within the fly-
ing altitude range of about 40 to 60 kilometers. From an
eeonomiaal point of view it is of great Importance within
this velocity range that the centrifugal forae on the
flight path due to the curvature of the earthls surface
Inareases to a considerable magnitude and replaoes more
and more the power-consuming lifting foroe of the wing
so that to a certain extent the flight bpoomes a gravi-
tational motion about the earth:s center.

In oontrast to the subsonic climb path the supersonic
branch extends over.. very large horizontal stretohes in
comparison with which, according to what was ~aid above,
the vertical ollmb paths are small. It la along this
branch that great kinetic -energy.is attained. . Corr-eapond-
ing to the very small path inclination and because of the
great difficulties of an exaet mathematloal computation
it iS assumed that, for the supersonic branch of the climb
path, the airplane axis 1S approximately always horirnont~l;
so the diagram of forces “ls that shown In figure 19.
action of the power plant, and not the shape of the flight .

.

. .

“\.
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path, Is here in advauioe so ghos’en that the effeetive
airplane .aoceloration is oonstent and equal to the value
attained at” the en-d of the subeontc- ollmb path. In this
vay.the modlflcatlon of the power plknt for higher thruote
than thosd necessary In the subeenio” rangs Is avoided.
The rooket thruet decreases continuously during the super-
sonic olimb a“~ the weight of the airoraft deoreases so
that P/G = kti~g ie oonatant; where k Is the constant
per oecond ehazrge In unit weight of the aircraft. Hence
the ohange Ih tieight per second “of the enti~.airpland is
‘equal to . G k and thus decreanes. with G.. .Tho weight
decrement dG in time dt 1s’ thereforti - .

d5 = -Gkdt

.. .
whenoe . . .

G/G. = e-kt
. . ... . .

which relation could naturally also have been obtained
direetly from the so-called fundamental roaket. equation.
For the “Yo’cket thru-t ..,. ..

z ..

P/G. = kc~% e
-k~ “

:,.
the centrifugal force . .—

F/G. =
it, . . . .“. .

va/g R e .
. . .

the axial .lnerti8foroe - .. .

. . .
T/(lo = Z/gekt.dv/dt

.

By equatSng to zero the forcd components of.the resultant
in the vertlaal and horizontal dlrectibns, there “itsobtained

-. . .

Zv= o . . . v3/gReki + 1/080 vo~
. . ..,. .

)( ~~(165300/va +“o.c4)(l _ h/400000)4g = l/ekt
... .. ..

ZH= O . . . kc/gekt = .
..

.. .. c.●.. ..-”

.a= c /caovo- ●*a(165300/va”+r0.04) (1-h~400000)49 + l/gekt dv/dt.. ... . ..
. .r (9). . .- . .. .

Elimindt,in& ~h from het~ equdtlbne~ the.differential ...
equation” between v and %. .1s. obtti~ned .. ... . . .

---- .
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.,
.. ““. ~v/dt = kc -.cg+ #/i”; - ;;.:....----.-F- -., -. . . . . . . . . . .

.- - . --- )/-...,......- .. .------... Lm- &_.

which by one integration gives . . .
..

. . ,--

Va .#h(kc - egj + R(ke . cg)ti~n “t~ C/R(kc - Cg)
~’=

J (lo)

6 (kc - ~g) - Eva tan
. .

where ‘a is the limltdng flight veloclty ’between the,. .
subsonic iand purely .eupersonio ranges and t the tixhb .
from the start of” the supareo”nic path. .!Phe flight yeloe-
Ity at eaoh instant is thus known. !Che corresponding
flight altitude as a function of t and v la directly
:obtained from the abbvs equation Z V = O.

. .

,. 3y.integrating a second time the.above differential
equation there is obtained the horizontal path traversed
at eaeh instant of time. We shall not try, however, to
obtain. tho very inconvenient formula for s, which gl~es
an unjustified appearance .e~ very great accuracy,but in-
stead estimate the horizontal path by .a.ssuming a mean .
constant airplane acceleration of magnitude

. . .

b.

s=

● “

. . .

dv/dt = co.n.st“= kq -i-g + ;/E: (v + va).=/4. “ . ... . .
a .. ... ..

Va v
—=
2b.

(11)
.2kc. ‘2%+ c/R (V +.vajaji: ,... .

. . .. . . .. . . .
In figure 20 the ~elocities, horizontal distanqes of the .
supersonic pa~h, and the fuel consumption aro.-plottell as
functions of the time, taking c = 0.2 and k c = 15 m/sa.

Because of the nogleoted.thrust work during the
supersonic climb path the velocities will actually come
out a few percent less than the values given by the fig-
ure. . ..

The relatinn.between the flight @ltStu.de h, the
remaining path variables, and the variable weight 1P ob-
tained by oombining equations (9) and (10). , . . . .

. . .

7. The Deeoent. Patti.ia the Supers.~.nic Range .
.. .

The climb path endsafterrequired fli~ht’velocity iS

attained and the rocket afrplaqe flight is now continued

.. —— - .—..
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with this velocity. at constaht altitude and with the motor
performing the work required to overcome the remaining air
reelstanaem The very favorable mode of action of rocket
propulsion at high velocities likewise show up for this
part of the flight. At a suitable distanoe from the de-
sired goal the power of the motor should be shut off and
the rocket airplane then begins. ta. describe the deseent
path under the action of the retarding Slr resistance.
Since the angle between the path tangent and the horizon- -
tal at the upper portions of the descent path is very small,
the force relations shown in figure:21 may be used to dis- .
cuss the descent relations. !Che forward propulsive force
Is the inertia foroo T which arises from the retardation
of the aircraft by Ijhe Air resistance, that 1s, which must
be supplied from th.o kinetic energy of the airplane mass.
The descent path-extends over ver~ great distances corre-
sponding to the available energies; hence It Is economical
not to.fly with.the power on over the entire flight at
high.altitude but to start the descent path directly after
the supersonic climb..

. .
Because of the smallness of the potential In compari-

son with the kltietic energy at the initial flight alti–
tudes under consideration, the potenttal energy need not
at first be considered, account being taken of its effect
In lengthening t-he path by a subsequent estimate. In view
of the uiicertainiy of our formulas on the air ‘densities
and air resistances a more accurate computational method
has little practial value... .. . .

!Ylth the vertical-and horizontal components of the
resultant force eet equal to zero, there is again obtained
from the fundamental dynAmlc eq~ation:

rr=om . . v=/gE+l/s Ovci? va(165300/v%0.C4)(l–h/400000)<s = 1

ZH=O. . . ~/caovoa va(165300/v%0.04)(1–n/4GO~OO)49=l/g dv/dt

(12)

Eliminating h there is obtained as the differential equa–
tion between v and t: . ..“ .

,.
g ,c~ Va;/R = dv/dt. = dae/dta .

One Integration gives

. (13)
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where Vo, .1s the..flight velooity at, the initial.flight
alt-ittide.~--~Zhe f-light.,yp~ob ~ty. at oa~e~ instant ia “thuo
known. ::— --- ._..,. -..

., ..”. “-----. .
. The relatlon between ,~’ and “-.M.~s obtained from the

first of eqaations .(12) ●nd the rooulto are plotted in
figure 22* The figure also gi~es the relation, between the
two variables under the assumption of constant dynamic ---
pressure, an assumption which eorreeponds ●pproxl~tely to
the astual conditions. for flight ~elooitieo below the ve-
looity of sound. Integration. of the differential equation
a s~ond time gives the horizontq”l .distaace traversed at
each instant:..- . .

(
a,

=.t~+R/2e,ln
“ 1 +. (@ +..vQj/(@r--. vo).: .

a
)Oact.m+ (j@~”vo)/(@- vo)

With the relations thus obtained the descent math oan be
computed fr’om each initial flight altitude. as-long ap the
flight ~elocity remains In the supersonic range, tbt .1s,
the assumed air resistance law with variable ca remains
mufflalently valid. This generally in the case down.to
altitudes of about 40 kilometers.

!l?hedepen&enCe of.the length of path traversed and
the time it takes .orithe ln~tial flight altitude Is ob-
tained with the aid of”the. preoeding relations and.the

. values in figures 22 and 23, EtIll assuming 6.= 0.2s
‘The ”desaent paths starting from high altitudes are very
long. Since the longeHt pasmage over the earth oannot be
greater than about 20,00Q.kilometers, the maximum alti-
tude”q to-be oonsideied in t~=vellng between different
point6 of the earth cannot ex~ee~ about 60 kilotieters .
(37 miles) slnoe the des~~t path from this altitude 91-.
ready extends over the ontire”lengtti- of the..rpqulre!l
flight dlstanoe. The time for,:this de~~ent oyer ~0,000
kilometers is about 85 minutes. . .“ .,

8: The Descent Path in the swbo~n~e Range .

Since in the range demc~nt~t~..wi”th Subs.onic..velotw
Ity the. effaat of the tiehtrtftigal+fo~ae Is prmtdjmllv no
loilger existent.an~-the air force =Geffict.enta -y be con-
sidered as Gonstant, the air resist~nee .ls.eimiluly .OQJl-

otant over ttie entire renihinin~. des cant path an& the lomgth
“Of the latt’er can be ~“~put~d In t~~ ~-~.mplest ~n~r. from

. the available. energy and the air-r.e,slstaq.C~c ..
. .“ .. . ..:

.
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At 40 kilometers (25 mtlas) h~titude; for example,
the total available energy ie”about 6.0,4)00kgm per kilo-
gram weight of the aircraft. Again”aesuming for t~e
eubsonia range a drag/lift ratio 6 = 0.2, there Is ob-
tained 0.2 kilograms for the constant air resistance per
kilogram weight of aircraft And the len.gth..of the subsonic
descent path beaomee... ..

Su = 611~Od/O.2 = 300.jO@O m = 300 km . .
-.

The flight vel”ocity on this subsonic descent. path drops
from the approximate initial v~lue of about 1900 km/h
(1180 mph) to about 150 km/h (93 mph) near the earth in
such a manner that the @yqamic pressure remains constant ,
tn spite of the var.iabla Sir. density, the entire subsonic
branch being traversed” i~.about three-fourths of an hour.
These values are quite Independent of the initial altl-
tude at which the descent began provided the altitude under
the assumptions made was only slightly greater than 40
kilometers (25 miles):

. .

J
..

“ 9. Summary of Flight Performance

The outstanding flight performance factors of the
rocket airplane are Its. flight velocity ~nd”fIight alti-
tude. A third very important performance factor is the
range. Under the assumed rocket ~light process described
above all these three factors are necessarily connected;
hentie the description of the depen&ence. o.fany one. of them .
on any desired parameter will enable complete performance
data to be obtained. Since the range is the main factor”
that determi.pes the practical utility of a ro”cket airplane,
this fac$or. will b,e..considered first. As in the case. of
the conventional airplane It IS ~~termined by the quantity
of fuel that can be carried along and thus. clearly by the
ratio G/G. df.the airplane.:weight at any time to the
initial weight Go. .-

~rom figure 20 there is obtained the relation between
G/G. and v shown In figure 24, account being taken of
the fuel consumption according to equation (8)? Tho rela-
tlon between v and. s of figure 24 is. obtained with the
aid of.the relations In secticms 7 Snd 8. Iitiall-y, from
the two cuzves there iq obtained the relatlo~ betweren
G/G. and .s, which lo of main interest here. It may be
seen that the s.ecqring of s~flclent ranges through corre=
s.poridingvalues .of the.ratios G/G. of ~he rdck~t’ airplane .
makes unusual de~nda .on thq designer a~d.-t~t this” ratib. .



.
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amlde” Srum..=.tbe..praetteal o~nmt~.up$$on tis,:.r@~@~D roaket
mot or “of4rkgW-$ k,.

h~
.4 is ,mt..“thpcore -of-:.-tho..ant %re

rooket f,l~ght’.p blem. “. . -’ ‘.“-..“..‘ ‘-=-=-”--. -......~.
. . . .

... The small weight ok the rooket .pro&zlsl&ve~~eye*em&U
tlw ~ery lii~h:wixrg loadflng pe.r.m~tto~by the high starting
thrust open up new uaforeoeen possibilities. Vith. “the
loadlng ratloe G/G. = 0.30 at preeent attainable on con-
vent ional airplanes tlia.r.ange aaooriiing .$o“figure 24 would
be little more than 1000 Hlometerm (620 rn”fles)horizontal
diatanaa. .h order thet the propeller-drlrsnc airplane at-
tain the maximum noh-etop rangez ratioe of G/G. y 0.15
to 0.10 would.be neceseary which probably lie beyond the
etruc!turally attainable llmit. The attainment of a d&.
sired range through extreme reduction In the weight whea .
empty, ~ximum possible otraamlining of the aircraft, and
maximum Jet velooity of the motor will thus have to become
the most important- task of the de.filgner. But even with
the not too favorable assumptions thus far made with regard
to the rocket aircraft charaeterlstice, a non-stap range
of about 4000 to 5000 kilometers (2600 to 3100 miles) may
be confidently expected, which thus exoeeds the flight
range of the ma~ority of our known airplanes, particularly
the high-speed airplane. .

The outstanding advantage of the rocket atrplane
compared with the propeller-driven airplane lice In the
flight velocity. The maximum velocities themselve~ are
llmlted by the weight ratio G/G. =d they In turn limit .
the distance ranges according to figure 24. The maximum
flight veloeity on a 500&kilometer flight 1s, for example,
about 3700 meters per second or about 13,300 kilometers
per hour (8250 mph). This velocity is maintained, however,
only for a short time at the.end of the climb path. The
mean crulstng velocity of the Soo(j-lsllonleter fllght is
computed-from the time required for ea~h branch of the
path and Is found to be shout lQO() meters per second or
3600 kilometers .per hour (2240 mph)- .I’or shorter Xlights
the average mean veloalty, bemuse of -the fixed, relatively
large subsonic flight times IS somew~t e~ller and increases
considerably for”longer” &light rangesi . T$e rocket flight
paths here deeer”ihed.eervenmainly to salv+..kbe $rhn@Port
p~oblem’between v~rio.uslpd$nta of- the .earthJahd-ark~ 8uit-
able for maximum pouefi%ro r’~~s and %“hUe..kvp7:30tbi.q~-:*o
do with the celllrig altitude :attalxurble by:~o&&t-&lfplalle:
flight. Only those.altit~& ar~.fl~wn:.whi~hila.rei.fqquire~~
for a given flight ~ange. ...Zhls” altltude -+~n&&’iM;.k8th&$.‘“-
narrow according taaf~~res 23 a~~ 24 and for &.Zl:#light-’..
distances that efiter:,~~~o:~onsiderat~~~ yarl.b&.W~We”8n-@’
and 60 kilometers.
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The flight performance was discussed hepe preferably
in ‘terms “of the load. ratflo G/.(3a df the aircraft. The
dependence on the Jet velocity, drag/llf.t ~tio, etc.,
can be determined readily with the aid of the data given
anit sfmllarly the .v.erystrong .dependetice of the required

“ flight altitudes on the initial wing loading can be com-
put e.d.

In summarizing, It may”be said that the rocket air-
Graft producible with the given technical means, under the
assumptions made, as compared with the conventional pro-
peller-driven airplane will possess. the advantages of
abatit 20 “times the ~ximum and cruis~ng velocity, 5 times
the ceiling altitude; aad predominantly non-stop flights
between ppints. . ..

3. ROCKET,AIRCUFT IllACTIVE AIR DEFE19SE

1. The Limits”of Performance of Propeller-Driven Aircraft
..

-..

. . “For offerise and defense the fighting quality of an
alroraft depends to the greatest extent on its velocity
and its rate of climb. Every effort has been made toward
developing these two performance faators; although no
sweeping progress has been achieved since the last war.

“ The explanation for this lies In certain mechanical rela-
tions Inherent”in the conventldnal propeller-driven air-
craft . The mqximum speeds have been attained on airplanes
built specially for high speeds, values of 700 kilometers
per hour (435 mph) having already been obtained.

The gradual rise in qaxiqum.speed in the Iaat decade
to the above value has been made possible through very .
great Increase in the engine performance and to some ex-
tent through aerodpamio refinement. The maximum speeds
of Oivil, sport, and military planes have always lagged
notably behind the speed records.

The S1”OW, l.aborlous manner by which higher speeds are.
attained Indicates the approach toward a limit of the at-
tainable flight speed,which.will hardly be above 1000
kilometers per hour (620 mph) with our present type engint%
propeller drive. This.is first of all dtie to the fact that
the requirbd engine power, and hence also the englae weight,
rapidly Inor.eases with the speed Of fllght; therefore the
veight of the engine SOOp constitutes the largest part of
the ovbr-all weight of the airplane”. In the hardly
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attainable case”where the emkire “power plant weighs’ only.
-‘l/& klka”g-. pox Jm”rmepowor output at the propeller and
the air roe i’s tmce is 1/3 the gro”e”swolght of the -airplane .
there follows from the fun~amental mechanical relations a
flight speed of at mo”tit1600”kilometers per hour (1OOO mph)
for the power plant itself. Since the airplane body itself
oannot , of c“burse, be diipensed.with

)

the weight to be
dragged” alon~%r 1 hp is more than 1 2 kilogram - with the
present-da~ ●peed.lest .hkeing airplanes omen 3“klJogram -
and hence the speed smaller than the .indiu#ted valae, in
thb gdven euse smaller then half- ef 1600 kl~vmutems per
h-our. That it will still be posstble, however, fio build
considerably lighter airplane engines & “present principles
is lmprobahle after 14.yhara Of intensive development..

It is not only the engine, but also the propeller,
which prevents the airplane speed from soaring tm verY
high values. since the rotational speed of the proyeller “
tip must always be a multiple of the flight speed, for
example, 1000 kilometers per hour (620 mph). the propellOr
tip velocities approach those of proje”ctlles. For such high
tip veloaftles the propellers for aerodynamlcal reasons
operate at very “low eff~ciency, thus dissipating the .

useful engine power (also the stresses , par”t-lcularly those
due to the c“entrlfugal foroes) increase so rapidly that
the structural material can no longer withstand them- In
addition to thee6”reaeon6, there are still” others” llke the
excessively high take-off and landing speeds, the engine
cooling difficulties that increase with speed, etc. , all
of whioh operate to limit the attainable flight ~peeds. “

The eeoond Important requirement of.a ~ilitary air-
plane is Sts ability to”climb ra”pidly. Of greatest in-
terest here is ebylousl~ “the time required hy. the airplane
to climb ‘toa given altfttide, for e~mple; to 5000 or
10,000 meter8. The above-mentioned power plant weighing
1/2 kilogram per horsepower output at the pr”opellkr
could , according to elementary mechanical prlncipleq,
climb to 5000 metere in about 1/2 minute In extreme cases

.and again without a{rplane body or pilot or amqament.
since theee things muet be taken along and the given out-
pu% t~ by far not so .ideal~y ~~nverted, the .actfil time
to climb .in always. eo~s~derably “greater t.~n tihls theo-
retical limiting value. “The smalleh~”actual ttmes of..-
flghter airplanes to cl~mb to 5000 meters .are from 6.to
7 minutes. In this field, too, therefore remarkable further
progress along the USU1 path is ~rdly attainable.

with this state of ~ffaire inareasad interest has “
been developed in the rocket airplane, which does not
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suffer from an~, of the ~erformance limitations memtioned
ahd should take over the.further develepmbnt-of aircraft.

,,,. .. .
.. ., ,“.

2. The Eoeket Power P.1=.nt . .“
..

The thrust-producing. propeller Hl”ipetream is replaced
In the rbeket plane by a propulsive gas jet. Considerable
progresg has in recent times been made in the construction
of rocket propulsion systems for airplanes. Although this
work should serve priparily fur the peaceful conquest of
the stratosphere the. possible milltarym appllcatipn phould -
not be overlooked. . 1

The problem of” ro”cket fll~ht at the present time is at
about the same stage of development as propeller flight
30 years ago and a slmllar military incentive for lt~.devel- .
.opment Is probable. The reasons for this will.be indicated
in the following.

The high rate of energy conversion In the rocket motor
makes possible naturally an aircraft with extremely high
flight performance while suffibi~nt time is available for
conducting a combat. of .a fighter plane or to lift a hlgh-
altitude plane to the up~or limit of the stratosphere and
accelerate to a veloqity several times that of a projectile
so that it can continue its flight from the momentum ac-
quired with the engine power off.

Th.s upper stratosphere Is the element within which
the rocket airplane most suitably operates, where because
of the low air density the flight veloclt$es are of the
order of magnitude of the exhaust velocities of the en.glne
so,tha.t also for the rocket plane efficiency considera-
tions acquire reasonable importance. Moreover, in this
range of ‘altlt~de”s t’he non”-dependence of tbe rocket mqtor
on the density of the external air can be fully utilized.,.

If , however, the requirements of economy may yield
to the attainment of

{
-certain maximum performance - and

this is particularly he case with military weapons -

\

then the application of rooket airplanes In the tropo-
sphere and the lower st-r osphere may. also be cons~dered.
This latter possibility of ppllcqtion leads to the racket
fighter airplane.

.
.# . . ..
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. . 3. T~s ~Rooket Fighter Airplane “
,.,,-.--,.. e.. m.. .

It may be aeeum”ed t~”t’’%lie.genffra~ dwlgn ia &ppr.ex-_
imately ,the same a-s the one sketched tn”figure 25.; Whiqh
shows a ~ingle-seazt~ llght~ very fast.:purouit (or fighter)
airplane “fed -the &estruotia.n,:of enemy air foreeer, particu-
larly for defense agatnst bombs, with flight ●peede up to
1000 kilemetere per hour (620 mph) and a ollmb performance
of 4 minutes to 20 kilometer altitude, oombat aotlvity
being restricted to about 1/2 heur~ At tho end of this
time oomputed from the Instant of u-tartlng,”a .landlng *8
neoessary far refueling

.

!lhe fuselage is adapte& to the aerodynamic ‘relations
for veloolties that approauh.the”-l?mity of sound.’ .~he
nose is very elender and sharp-edge for the reduction “of
the form pressure drag. The}.tall Ita slmilarl~ slender to
reduoe the possibility of flew separation which 1s par-
tloularl~.threatening at these ”velocit.les’, The wing pro-
file, tOQ.,.is suited to the high subsonic velooltlee”~” The
wing area ,\s obtained from the.”unuoually high wing loa”dlng~
especlall.~ in take-off- The reBultin& ~ery high take%ff
~eleclty. de not dangerous sinae the rooket meter (similar
to the turbige)ls very capable of taking an exoess loa”d
and permits. take-eff th~.usts of the magnitude of the take-
off welgh$. Threugh the high initial acceleration the.
take-off rup beoomes wery short and take-aff can be effeot-
ed from a oonorete strip 150 tci 200 (.mlles],?long,that 1sS ~Metev~j

praotiaally from $h~ take-off area’ of:any airport. Thd
wind direetion plays quite a small part: benoeeven special
take-off runwa~a of oonorete or similar material should
not-be too expensive. .‘Landing after oonoumption of”the
fuel @upply Ie posqible tn the usual man-r on everk’flying
field .slnee then the owing loading acquires normal valued.. ... .

The pllot~s.e”abln must be ”ai~tig~t;a-nd contain the.
small number of requ%ned lnm~ruments, “Siride:.therooket
fighte~ qtimplane ls.able..~Q rise to altitudeo. of 20”kilo-
meter.s an& qa.re .en&.lp the ease of a surpr.lee attaok on”
an enemy. +te.plqne..beLqw must fly through an altitude dif-
ference Of many kllomqters In a matter of~secondsi ttie”.
air pressure fluotuatdons that arise must bo kept down by
the-pilot. , } ,.. ..

. .

~ machine gun mount is provided ii tho nd’s-e~ahea.dof
the pllot~s cabin. It is best to mount a multiple-barrel
machine gun with maxigum firing rate, the.individual bar-
rels not running parallal~ .as 1s.usually the easu’, .?)ut.
somewhat divergent sand -imm”ova%ly.attaahed t.o tha airplane.

,. .. .,.:.“-..

,... -. —-.-—. . .
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The dispersion,.dsne durlpg the few seconds. of fighting
covertsa large area ahead of the nose with a thick hail
of eff~ctive pro~ectlles.so that the probability of suc-
ceaa of an energetic attack at small dietance is very
large. Am is obivous, the probability of successful de-
fense hy. the surprised talower opponent is considerably
Ei~llerm . . -..

“...”. .“.” . .
“The very large tanke for accomodat~ng the great ..

quantities of fuel are arratiged behind the pilot% cabin.
The fact that the fuel conslste very largely of liquid
oxygen offers no special difficulty since such large
quantities of liquid can be kept without any appreciable
losses for the reguired shobt time intervals -tn qutte or-
dinary thin-wall sheet metal <tanks. The tadke must be
of sufficient capacity to r.bceive a welg.hb of.fuel up to
80 percent .of the total take-off watght ‘of the airplane.

,..

The rocket propulsion system IS mounted.at the tail.
A peculiarity of the fighter airplane 1s the applicability
of a Jet an?arat%e about which a few wordm remain to be
eafd. Every reaction drive - including airDlane as well
as ship drive -“ operates most effectively at mln:ffium slip,
that is, when the ejection velocity of the driving masses
and the velocity G: mation of the driven body are opposite
and as nearly equal as possible. . .I’or pure rQCket propul-
sion sys.tamd.the slip should theoretically even be zero,
that is, bath velocities -of exactly equal magnitude in
order that the efficiency We a maximum.

.. . .

Now the exhaust velocities of a rocket motor are
about 10 ,times the magnitude of the velocltle6 ‘that are

.‘ desired of the fighter airplane. There can &hua be no
question.of equality or even of similarity of the two
velocities and hence of an efficient propulsion of the
airplane. This unfavorable relation between the veloci-
ties affects the flight characteristics of the fighter
airplane as far ae the usual rocket motor consumes the
entire fuel supply of the airplane within onb-half hour,
for example, so that the airplane can be in .a.ctive com-
bat for this time only; whereas a more economical engine
which for equal propulsive power has a smaller ejection
velocity will be able to fight over a longer period with
the same fuel supply, for examp~ a whole hour, thus
doubling its fighting cap=clty,. . ‘ ~..,

.,- ..

A simple means. for. improving the external efficiency
of. the rocket motor in the airplane ‘consiste .ln sucking

...air from the surroundings with the aid of the propulsion
gases by inJector action and ejecting it baakward. In
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fIgure 25.the “-set ap@ar46us i##-tilY!ed “.f or this. purposa “is
lndlc@b’6. at $ho’t.all_end..~fthe ,flghter a lrp18n6~ Ex-
tensive tests on the mode of opera% i”oii” of”-bu&~‘ set ap-
paratus haW been ohndpcted-- i.ii.=~b~nco‘and th~ United.
Statee (ro~ereh-ce11?* Although the Zhitial -high expso-
tation6 we~e”not- rekllzed,lt app-ears .~hat vlth lto aid ~
the tndicate~ doublln~. of the flying t.tmeof the fighter
rocket airplane is entirely ●tta~aable. .

.
A feature. to. bd. noted ’li the small over-all dimension

o~~ 10 mettirs epaxt”and 10:m”e”terd fuselage length fok which
such albplaties may be dealgned. The sise.of the sltigle-
seat fighfei thus. cerres~onds tn tht of a small” sporb
ai~plane. .This condition,. _together with the offensive
method of fighting, 1s of. great Importance for praotlcal
applicability. .

The unusually elmplb.bver-all construction involvee
drily very.small Co”at”a.. Thl’s and the crew of ohly:one
man’ maks” St possible for pursuit girplanes of this type
to be easily produced in large numbers and for the 16sS
of a single machine not to count very heavily.

,

The mode” of operation of the single-seat rocket
fighter tia”y.beassumed to be the”fhllowing: “

..; ,..

The alrmlane IS fueled or refueldd from a movable
ground reservoir shortly before the Intended flight to
avoid rather. large losses of llquid oxygen. Take-eff Is
effected from a very short b.u.tvery good runway of at

“-most 200 meters length, for example, a concrete strip, or
a gooti open Otreet. The airplane takes off as if shot

“ from a bbw and rises after a very short run. After take-
off the .alrplane can easily rise -along a straight-llne

-path Inclined 3@to 45° to the htirisontal, the time to .
“climb to 10 kilometers altitude taking about 2 minutes and
to 20 kilometers altitude about 4 minutes.

..

The ma~imum ~elocltfo$ are attained at the. very high
fl.lght’altltiidee w%ere the air is at low dens!ty.. “In this
respect there Is a fundamental different-e as compared with
the propeller-dr~ven.airplane, in which case the low-density
air. sharply reduces the engine power.,. ,. !. 1.. . ,. . ~.“ ..-’ -,,

By operating at full throttle the maximum velooltles
-n.be obtained also at the .lotier.altltudes and particu-
larly after full climb, so that the attack can occur at
a 45° angle. This circumstance makes It possible for the
fighter ‘airplane to await the approach of the enemy on

J ... — ———
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.th~‘ground’ an~ @fteT: olght Ing tfi m.qko a “surpilse attbcli
from b~low.

....
?.. ....-

With its. p~ll over-a”ll dimensions and its flight
velocity of the order-of medium projectile velocities the
flghte~ plane ae It flies past”ie no longer viaiBle to’
the hufin eye. Reeo~nition of an Approaching airplane at
distances greater than about 1 kilometer will only acci-
dentally be possi%le since the speed of the airplane Is
equal to that of Ita noise. The ‘distance-of 1 kilometer
within which It may with proobabi.ilt~be observed Is ph~eed
ov~r in .tkree..secoads-.du$”lngan attack- ~“ 0ucces13ful de-
fense”from the ohje~.ta},taeke”d’wi”thlhthe three eeconds
available is posklp,lp. only. In lsolste”~ cases, ~sPeeiallY
elnee the attack ca”n be made fkebi”alm-t?etscny dlre”etlon in
apace. A defense from points which do not lie in the dl-
rectlon of the fl.tght path Is Impossible since the air-
plane is not clearly re-c-ognlzable from “t~ese points and has
almost the velocity .of .thp.~rojectlle” “fired on It. l!’or
thie reason , too, the si,de -firming again-st the vulnerable
t~ks is -not possible. 1

..- -

This mode of combat Undoubtedly makes unusual demands
upon the skill “of the “pll.ote-tipeclally “as at maximum ve-
locity only a small deviation from “the given flight direc-
tion is possible. For a radius of curvature of 1 kilome–
ter, for example, acceleration forces 10” times” the force
of gravity arise. On the other hand, the “flight spee”d,
particularly afteq partial utilization of the fuel can be
reduced to a fraction of the ma~lmum velocity. A s’erious
combat between rocket airplanes In the air is hardly poe-
sible. According to the requirements of the engine the
fighter airplane provided w~th a~et ap~ratus can malntaln
Itself in this way In the air from 1/2 to. 1 hour and must
then land for refuallng. The action radius correspondingly
amounts to several hundreds df kllame”ters.

nfter a period of development rocket airplane for
defense against bombers, observation, combat airplanes.,
and alrshlps, and so forth, will undoubtedly be of supe-
rior adv~ntage to all weapons at present employod. They
will also become the. only weapon for defense against
propeller-driven bombers which, flying the lower strato-
sphere, attain considerable velocities and extremely large
ranges and wI1l be proof against every defense from the
ground ar agalnmt similar aircraft as a result of their
flight altitude.
I ..: ..

.-
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I., 4. The Rocket Bomber , . ...
.. -. .:. .

-,
- - The ~“~~~et-a“i~a~e--f ~~-d’s“its nat~ral mpplicati-en. -tO

the upper stratosphere. It takeo off
L
rom the ground in

the manner deecrlbed above, climbs at f ~ power to a’ 40-
to 50-kilometer altitude at first along a 30° Incllndd
path which later.’flattens out, reaching final velocities

. of thd-order of magnitude of the exhaust veloeity. Ifi~.
thlg case therefore the jet appakatds 16 not appl~ed. ‘The
timo required for this clidb is 15 to 20 minutes, in which

F time the total fuel supplfes on board are eonsurned. After
the peak of Ite path is.reachedjthd roeke”trector Is .otopped
and the alroraft continues tts flight ss a kind af glide,
utilizing lt~ reserve of kinotlc dnd’ potential energy.
This type of motion is not unlike that of a long-range

,●
pro~ectile wlich equally deecrib~d 8 gliding path ~rom a
similar altitude. In the case of the rocket airplane this
possibility of gliding Is considerably increased by the

,. wings so that the downward path extends over many thou-
sands of kilometers, the velocity steadlly .decreaslng from
the extremely high initial values down to the normal land-
“Ing velocity as the ddnsity dncreases In the Iower air
layers . During th’ls time the entire descent path Is up
to a certain degree controllable .by the pilot. Such
flights as thewe should serve to establish rapid communl- “
cation over the oceans. ..

. .

Figure 12 shows the external shapa-assu~d by. rocket
airplanes of this kind to suit the extraordinarily large
flight velocities and the corresponding aerodynamic rela-
tions. The use or rather the abuse of this type of rocket
airplane for bomblng:purposes is evident, The bombing
flight may be considered to be carried out as “fulLows:

). The rocket airplane takes off an~ olimbs as”for lon~range
flight to altitudes over 40 kilometers and v“elooitles
several times that of sound in the direction of the ,gronnd
obJect to be a$tacked. At a precomput”ed instant the,.
sulta@ly shaped torpedo bombs are released from the air-
craft aad the latter returns over a very wide arc to the

.tt starting point.while the torpedoes maintain the original
{ flight direetlon and approaoh the ebject la the shape of
: a downward-sloping branch of a ballistics curve. The.

.dlstance between the starting place and the target may-
D ‘amou”nt to several thousand kilometers; the bombs are re-

leased shortly ahead of the target so that the ohancgs of
a direct hit through suitable precautions may be far
greater than those of a long-range gun. This mode of. aom-
bat Is completely Independent of weather conditions and
time of day at the target beoauee of the posslhlllty”of
astronomical orlentat$on In the stratosphere.

A
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.

The costs of one bombing flight cdn tn no way be corn- ~
pared.~~th.those of a long r~nge projectile. There is no
risk at all for the aircraft since’ by Its height and ep~ed “
It lo completely outside the.range-of:~ny hud@n counter
measuresm ..’-. . .

.- .“.. .“

Again, thm rocket airpl~m “’thiou~h this trtmsiti~n
phpq?”be+webn the purely aeronautical and Millistlcsfields
appears t-obe preomlnently eultablb to con”tlirue from where
the US*1 long range preJeetlle has reached the” limit of .
Its performance. in quite the same manner ae it serves to
further the development of the conventional airplane. I.n
gen@ral, rocket flight In verF many respeote may be con=
eidered as intermediate between pure flight technique and
bal~ietics since both field~ of knowledge are drawn from
equally and by oomhlnlng them a stimulus Is provided for
greatly Increased performance.

It is not Intended with the above remarks to imply
that the object of rocket fllght teehnlaue Is the creation
of new and terrible war w6aponso The actual danger of
such should not, however, be dlsmigse-d. Ult.h rockat air-
planes the fastest possible oomniunlcatlon between. nations
will be establ~shad. If thg,.~.o~ket.airplane ~rovldes a
people with a means for defense of fts territory against
attaoks of its neighbors it will bimilarly be welcome.
But it will also ser~e its purpo~ce if in Its meat frtght-
ful application It helps to establ”lsh the dbvriright con-
viction that a war with new technical means knows ohly .of. .
conquered peoplem.. ... . . -

.

Translation by S. Eelss, ● .. .’”:
Batlotil Advisory Committee
for,~e?onaut~cs.” .
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